Sensory mechanisms, habitat selection and habitat use in tropical juvenile coral reef fish by Igulu, M.M.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/124910
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
Sensory Mechanisms, Habitat Selection and Habitat 
Use in Tropical Juvenile Coral Reef Fish 
MATHIAS MSAFIRI IGULU
ii
iii
Sensory Mechanisms, Habitat Selection and 
Habitat Use in Tropical Juvenile Coral Reef Fish 
iv
Igulu, MM (2013). PhD Thesis, Faculty of Science, Radboud University Nijmegen, The 
Netherlands. 
Printed by Ipskamp Drukkers, Nijmegen, the Netherlands 
Electronically published by the University Library, Radboud University Nijmegen, The 
Netherlands
Cover design and layout: M.M. Igulu & M. Semba
Cover photo:  I. Nagelkerken
Printers: Ipskamp Drukkers, Nijmegen,
ISBN: ISBN 978-94-6259-068-7
This research was funded by the Faculty of Science, Radboud University Nijmegen. 
vSensory Mechanisms, Habitat Selection and 
Habitat Use in Tropical Juvenile Coral Reef Fish 
Proefschrift
ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus Prof. mr. S. C. J. J. Kortmann,
volgens besluit van het college van decanen
in het openbaar te verdedigen op woensdag 12 maart 2014
 om  14:30 uur precies
door
Mathias Msafiri Igulu
geboren op 16 juli 1976
te Mwanza, Tanzania
vi
Promotoren:   Prof. dr. S. E. Wendelaar Bonga
    
    Prof. dr. Y. D. Mgaya
    (University of Dar es Salaam, Tanzania)
Copromotor:   Dr. I. Nagelkerken
    (University of Adelaide, Australië)
Manuscriptcommissie:
Prof. dr. E. W. Roubos
Prof. dr. J. J. Videler (Universiteit Groningen)
Dr. ir.L.A.J. Nagelkerke (Universiteit Wageningent)
Paranimfen    Rob Fraaije     
     Ruud van Hintum
vii
Sensory Mechanisms, Habitat Selection, and 
Habitat Use in Tropical Juvenile Fish Species 
Doctoral Thesis
to obtain the degree of doctor
from Radboud University Nijmegen
on the authority of the rector magnificus Prof. dr. S.C.J.J. Kortmann,
according to the decision of the Council of Deans
to be defended in public on Wednesday  12 March 2014 
at 14:30 hours
by
Mathias Msafiri Igulu
born on July 16th, 1976
in Mwanza, Tanzania
viii
Supervisors: Prof. dr. S. E. Wendelaar Bonga
  Prof. dr. Y. D. Mgaya (University of Dar es Salaam, Tanzania)
Co–supervisor: Dr. I. Nagelkerken (University Adelaide, Australia)
Doctoral Thesis Committee
Prof. dr. E.W. Roubos
Prof. dr. J.J. Videler (University of Groningen) 
Dr. ir. L.A.J. Nagelkerke (Wageningen University)
Paranimfen   Rob Fraaije      
    Ruud van Hintum
ix
To My Parents Mr and Mrs Igulu
xChapter 1
Table of Contents
Chapter 1:  General Introduction   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 1
Chapter 2: The Potential Role of Visual Cues for Microhabitat Selection  . . . . . . 
During The Early Life Phase of a Coral Reef Fish   .  .  .  .  .  .  .  .  .  .  .  .
(Lutjanus fulviflamma).  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 16
Chapter 3: Orientation from open water to settlement habitats by coral reef fish: 
behavioral flexibility in the use of multiple reliable cues . . . . . . . . . 35
Chapter 4: Mangrove Fish Production Is Largely Fuelled by External Food Sourc-
es: a Stable Isotope Analysis of Fishes at The Individual, Species, and 
Community Levels from Across the Globe  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 63
Chapter 5: Meta-analysis reveals that utilization of mangrove and seagrass 
nursery habitats across the globe is related to tidal regime rather 
than biogeographic region . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Chapter 6: Synthesis.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 119
Summary .  .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
Samenvatting   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 133
Acknowledgments   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 137
Curriculum Vitae  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Chapter 1
General Introduction
2Chapter 1
Introduction
Tropical mangroves and seagrass beds provide nursery habitat for many commercially 
important decapods and fish species (Nagelkerken et al. 2000, Mumby et al. 2004, 
Nagelkerken 2009, Kimirei et al. 2011). This function is reflected by high densities 
of juvenile reef fishes and decapods in mangroves and seagrass beds. In areas where 
seagrass beds or mangroves are not available, biomass and abundance of some adult 
coral reef fish species have been reported to be significantly lower on the adjacent reefs 
(Nagelkerken et al. 2001, Mumby et al. 2004, Dorenbosch et al. 2005). Most marine 
reef fish and decapods spawn in the open water and thereafter larvae spend some time 
in the pelagic. After their oceanic life stage, larvae of some reef species settle directly 
in adult habitats while others settle in vegetated inshore habitats like seagrass beds or 
mangrove habitat (Leis & McCormick 2002). After settling, fish larvae grow up in these 
shallow water habitats before migrating back to the reef and likely spawn again at some 
point. These form the so-called group of nursery species as proposed by (Beck et al. 
2001). During this transition, from larvae to subadult and adult, fishes show a marked 
selectivity in microhabitats they utilize. In this thesis I studied the potential role of visual 
and olfactory cues during microhabitat selection for settlement of early stage coral reef 
fish recruits. Using stable isotopes, I further explored the origins of the food sources that 
are responsible for the high fish productivity of the mangroves. I finally investigated the 
habitat use by juvenile fish species in tropical coastal ecosystems: mangroves, sea grass 
beds and coral reefs.
The ability to locate suitable microhabitats during recruitment or settlement in other 
habitats at a different life stage can have large advantages in terms of enhancing growth 
or lowering predation risk. Mortality and growth of post-settlement reef fish are 
important processes regulating population structure and abundance of fish (Hixon 1991, 
Jones 1991). In general, mortality is extremely high in the first days or weeks following 
settlement (Levin 1994, Doherty et al. 2004), and even small variations in the mortality 
rate can modify patterns of recruitment to the extent that variations in larval settlement 
are no longer reflected in the adult population (Jones 1991, Levin 1994). For settlement-
stage fish, the ability to locate suitable microhabitats is crucial to increase their survival 
chances. Studies have shown that fish often select shelter holes closely matching their 
body size, which minimizes predation risk (Shulman et al. 1983, Buchheim & Hixon 
1992). Furthermore, well-fed settlers have a higher chance to escape from predators 
than low fed-settlers, which are characterized by low condition and slow growth rates 
(Booth & Alquezar 2002, Booth & Beretta 2004). However, larvae depend on reliable and 
widely available environmental and chemical cues to orient and navigate to appropriate 
microhabitats.
Many behaviors that involve predator avoidance, foraging, reproduction and even 
competition for food or shelter are based on an animal’s awareness of its surroundings 
and are key to make proper decisions. For terrestrial animals different landmarks 
might assist an animal in successful orientation. In the aquatic environment visual and 
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olfactory cues are likely to be useful and possibly are used interchangeably. For instance 
butterfly fish (Chaetodontidae) have been observed to search for coral reef heads (visual 
cues) that were previously available in their foraging paths (Reese 1989). This finding 
suggests that fish living in a highly structured habitat learn to use available cues for 
orientation. However, for early recruits locating appropriate microhabitat might be 
challenging due to the fact that they have little or no experience. Several environmental 
and chemical cues have been suggested to be used by larvae and early recruits, such 
as visual, olfactory, auditory, solar and magnetic cue as well as differences in salinity 
and temperature. Visual, olfactory and auditory are said to be more functional than the 
others (Tolimieri et al. 2000, Montgomery et al. 2006).
Visual cues
Vision is an important sense, especially when recruits are approaching microhabitats 
at a scale of a few meters. Vision becomes increasingly useful for detecting appropriate 
microhabitats and close monitoring of species-specific behaviors of conspecifics or 
heterospecifics present in the microhabitat. The visual sensory system of most reef fishes 
is well developed and is known to be functional just a few days after fertilization (Siebeck 
& Marshall 2007). The eyes become functional just a few days after fertilization and the 
retina mainly consists of cones. During settlement, the eyes begin to develop rods while 
density and diversity of cones increase and the cone mosaic becomes more organized. At 
this stage larvae can adapt to light conditions by moving the pigment layer in the retina 
(Kavanagh & Alford 2003, Arvedlund & Kavanagh 2009). 
Vision is mostly important in environments where water transparency is high 
(McCormick & Manassa 2008), such as on coral reefs or in non-estuarine back-reef 
areas. Potential cue that can used as visual cue are type and structure of microhabitat , 
and presence of conspecifics/heterospecifics (Lecchini et al. 2007), while sometimes the 
interactive effect of both conspecifics and microhabitat type can be used to judge the 
quality of microhabitat . 
Olfactory cues
In contrast to vision, olfactory cues are dependent on the water current, must travel with 
water movement, and signals become weaker as distance increases from the source or 
up-current (Atema et al. 2002). However, where currents are weak, each reef might be 
surrounded by a “halo” of smell that could provide cues to the nearest habitat. Despite 
the effect of currents and tides on the transportation of olfactory cues and the enormous 
diversity of cues in the water column, fish are able to detect these natural chemicals 
at concentrations of parts per billion (Belanger et al. 2006). This ability suggests that 
the olfaction system of most marine fishes is well developed. Evidence further suggest 
that in some fishes early development of olfaction can be recognized few hours after 
fertilization (Arvedlund et al. 2000). However, some fish may a have faster development 
(Arvedlund et al. 2000, Arvedlund et al. 2007) and others may be slower (Lara 2008). 
But whatever the development rate is, there is a potential of this system to be used in 
orientation and navigation during the early life. For instance, presence of well-developed 
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nasal olfactory placodes in newly-metamorphosed coral-dwelling goby (Paragobiodon 
xanthosomus) has been linked to its ability to locate appropriate coral habitat for settling 
(Arvedlund et al. 2007). 
There are several examples that illustrate the use of olfactory cues for orientation and 
navigation, perhaps the best known example is that of salmon. Salmon homing illustrates 
the complex role of genetic, developmental and environmental influences in shaping 
orientation behavior in response to particular ecological conditions. Adult salmon 
spawn in the river and after a period of time juveniles migrate thousands of kilometers 
to the ocean. At some point adults will return back to the streams to spawn (Dittman 
& Quinn 1996, Dittman et al. 1996, Dittman 2001). Their ability to discriminate fresh 
water cues and ultimately perform homing is hypothesized to be genetically imprinted 
during their early migration (Dittman et al. 1996). For reef associated fishes, some coral 
reef fish recruits are able to return home even after spending weeks in the water column 
as pelagic larvae (Almany et al. 2007). For seagrass-mangroves associated juvenile 
fishes it has been indicated that they are able to use chemical habitat cues (Arvedlund & 
Takemura 2006, Huijbers et al. 2008) and that of conspecifics (Lecchini et al. 2005) for 
settling.
Auditory cues
The use of sound as an orientation cue by reef fishes and crustacean larvae at the end of 
their pelagic phase has been related to long distance migration (Phillips & Sastry 1980, 
Montgomery et al. 2006), as sound is known to travel longer distance than other cues 
(Montgomery et al. 2006). While intriguing, confirmation of this idea firstly requires 
demonstration that sensory organs attain a state of development sufficient for hearing 
to occur while young fish develop in the egg. Evidence demonstrates that fishes have a 
pair of inner ears that lie inside the cranium on either side of the head at approximate 
the level of hindbrain (Popper et al. 2003). Embryonic anemone fishes (Amphiprion 
ephippium and A. rubrocintus) have been reported to detect sound and sensitivity and 
frequency of detection increases through the embryonic period (Simpson et al. 2005). 
This rapid development of sensory systems in embryos raises the possibility that some 
late stage larvae respond to noises that were detected on the reef as brooded embryos and 
potentially use this cue for orientation. Most evidence on the attraction of reef sound 
by fish larvae and crustacean comes from light traps in combination with played reef 
sound (Leis et al. 2002). However, it is difficult to differentiate the attraction of light 
and that of sound due to the fact that presence of light might also attract food sources 
(plankton). However, due to the unidirectional properties of sound and its speed in 
water, it has been difficult to isolate the functional value of sound cues both in the lab 
and in situ experiments, though some of the available evidence points to its significant 
for orientation and settlement in early juveniles of fish and decapods.
Multiple cue use and flexibility in decision making
Information gathered through different sensory modalities at any moment might be 
consistent across different senses or sometimes conflicting when different senses provide 
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different information. In this light, the decision making process can involve single or 
multiple cues and the animal is expected to choose the most precise and reliable cue to 
increase its decision accuracy (Ward & Mehner 2010). For instance, when confronted 
with multiple cues, desert ants can use both visual and path integration cues to decide on 
which landmarks are relevant for orientation (Wehner et al. 1996). In the case where visual 
and path integration information do not match, ants rely on the path integration cues 
only (Wehner et al. 1996). Likewise, larvae of Apollo butterfly (Parnassius apollo) rely on 
olfaction cues over visual cues in locating host plants (Fred & Brommer 2010). The type 
of information an animal uses may depend on the context or immediate environmental 
conditions. It is furthermore likely that an animal can use cues hierarchically according 
to local ecological conditions (Scapini et al. 1996). In the aquatic environment it is 
hypothesized that sound cues prevail over olfaction and visual cues (Leis et al. 1996) 
primarily due to the fact that sound travels long distance through water (Leis et al. 2002, 
Montgomery et al. 2006). However, aquatic animals that integrate multiple cues in their 
decision making might increase their survival chances, as presence of a particular cue 
might depend on its source and persistence in the water column. Most research studying 
the mechanisms of orientation in fishes have involved single (Basil et al. 2000, Gerlach 
et al. 2007, Huijbers et al. 2008), or multiple non-conflicting (Arvedlund et al. 1999, 
Brolund et al. 2003, Hale et al. 2009) cues. However, there is a scarcity of information 
on the role of multiple conflicting cues as most researchers have focused on either visual 
and olfaction (Diaz et al. 2001, Mitamura et al. 2005) or olfaction and sound (Korine & 
Kalko 2005) cues alone. 
Connectivity and intertidal migration
It has been hypothesized that mangroves and seagrass beds harbor a high density of 
juvenile reef fishes (Beck et al. 2001, Heck et al. 2003). The fact that some juveniles of 
reef fishes are highly abundant in mangroves and seagrass beds does not rule out their 
presence on reefs and or in other habitats (Nagelkerken et al. 2002). Some coral reef fish 
species may show a more general pattern of habitat use (Cocheret de la Morinière et al. 
2002), and could also use other habitat types than seagrass beds and mangroves as a 
juvenile habitat. Moreover, most studies have focused on a single habitat or mangroves 
and seagrass beds only.We know little of the abundance and distribution of nursery and 
non-nursery fish species at different life stages and of trophic guilds. 
Vegetated habitats (seagrass and mangroves) influence the structure and abundances 
of the fish community in a particular habitat. For instance dense seagrass may enhance 
abundance of fish through reduction of predation risk and high survival rates and 
sometimes dense seagrass is associated with greater food availability (Bell & Westoby 
1986). However, juvenile densities may be a function of adults’ reproduction rate and 
passive immigration from other areas which in-turn may influence recruitment patterns. 
Few species that inhabit mangroves and seagrass habitats are permanent residents in 
these habitats. The majority of them are temporal residents which only use these habitats 
for a small part of their life (especially the juvenile phase). Once they reach a larger size or 
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age most of them undergo ontogenetic habitat shifts. Habitat shifts have been observed in 
many species including apogonids, mullids, microdesmids, muraenids and scorpaenids 
(McCormick & Makey 1997), lutjanids, lethrinids and siganids (Dorenbosch et al. 2005, 
Kimirei et al. 2011). This evidence suggests presence of inter-habitat migration and 
connectivity; however, the mechanisms behind this might differ from one habitat to the 
other depending on the geographical and local setting. It is important to understand the 
function of a particular habitat during such migrations, e.g. whether one habitat acts as 
a feeding ground and the other as a shelter or both. To better understand the functions 
of a particular habitat it is important to identify energetic pathways. Different tools have 
been used to study biogeochemical connectivity (Dittmar et al. 2009), such as  stable 
isotope analysis.
Stable isotopes and nutrient transfer from mangroves to seagrass bed 
habitat
Mangrove habitats are assumed to provide abundant food sources to fish and other 
nekton. It is hypothesized that mangrove leaves are fragmented by herbivorous crabs 
and are subsequently decomposed and sustain a detritus-based food chain in mangrove 
waterways (Odum & Heald 1975). Produced organic carbon is transported sub-tidally to 
other nearby habitats by tides and water currents in the form of dissolved or particulate 
matter and secondly, through animal migrations or predator-prey interactions 
commonly known as trophic relay (Bouillon & Connolly 2009). The first component 
forms the bases of the “Outwelling hypothesis” which hypothesizes that nutrients from 
mangrove ecosystems subsidize adjacent ecosystems (e.g. seagrass beds and coral reef) 
and is based on a one way energy flow.
It is estimated that about 40% of the photosynthetic carbon produced in the mangroves 
is not used by consumers in mangroves but part of this production is stored in the 
sediment or exported out of the system by tides and ocean currents. The exported 
material may be used in detrital food webs in adjacent habitats (Connolly et al. 2005). 
Yet not much is known about the transport of dissolved organic carbon (DOC) and 
particulate organic carbon (POC) out of mangroves. According to (Bouillon & Connolly 
2009) global estimates of organic carbon export (POC + DOC) from mangroves are in 
the order of 250 g C m-2 y-1, with DOC and POC each representing about half of this flux. 
Together, this could account for approximately 20% of the net primary production by 
mangroves, although this value does not differentiate organic matter from mangrove 
origin and that from other sources (Bouillon et al. 2008, Bouillon & Connolly 2009). 
Furthermore, it appears that the most important drivers for the degree of organic carbon 
exchange are tidal hydrology and cumulative tidal amplitude. Fresh water flow from run-
off water and rivers also play a role in the amount of DOC and POC exported from these 
systems. In sharp contrast to the ‘outwelling’ hypothesis, it is very likely that mangroves 
and other intertidal systems can actually trap significant amounts of particulate matter, 
including organic carbon of non-mangrove origin during tidal inundation (Middelburg 
et al. 1996, Bouillon et al. 2003). For DOC there are also studies which report a net 
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influx of organic carbon in certain mangrove systems (Bouillon & Connolly 2009). The 
question that remains is: To what extent does mangrove carbon support the fishery and 
other coastal ecosystem? And how much is used or provides an energetic subsidy to 
fishes and other nekton?
There is evidence that there are regular inter-habitat migrations in areas where mangroves 
and seagrass beds are in close proximity of one another or are strongly interlinked. 
These migrations can be driven by day-night rhythms, tides or ontogeny. Ontogenetic 
migrations from vegetated systems are known for different fish and crustacean species. 
For instance, many snappers and grunts undertake ontogenetic migration from seagrass 
beds or mangroves to coral reefs (Cocheret de la Morinière et al. 2002, Dorenbosch et al. 
2004, Kimirei et al. 2011).Many juveniles also migrate back and forth from mangroves 
and seagrass beds with the tides. However, tidal migration alone cannot tell if fish and 
other nekton feed or depend on mangrove carbon sources. While there is emerging 
evidence on the role of tidal migration for acquisition of food resources (Krumme 2004, 
Krumme 2009), the degree of inundation and size of mangroves forest are strongly 
linked to the degree of habitat utilization (Chong 2007, Lugendo et al. 2007).The exact 
degree of dependence on mangrove organic carbon by fish and other nekton is still 
a subject of debate. It has been hypothesized that mangroves that are permanently 
inundated are more frequently visited by fish and other nekton as compared to intertidal 
mangroves (Lugendo et al. 2007). For this reason, inundated mangroves may show a 
higher degree of carbon transfer to nekton relative to intertidal forests. However, other 
studies suggest that mangrove stands that are frequently inundated by large tides and 
strong current may transport larger amount of organic carbon to adjacent ecosystems 
compared to permanently inundated mangrove habitat (Kitheka et al. 1996, Kristensen 
et al. 2008). The use of stable carbon isotope ratios of potential food sources and nekton 
from mangroves and adjacent habitats (seagrass beds and mud flats) can help to solve 
this ambiguity on resource use and partitioning. 
Questions
The present thesis addresses the following research questions:
1. To which lagoonal microhabitat (coral heads, mangroves roots and seagrass 
beds) are fish preferentially attracted? And is there an interaction between 
microhabitat type and presence of resident conspecifics or heterospecifics with 
respect to microhabitat selection? 
2. Is there a response by settling fish recruits to olfaction cues emitted by 
shallow-water habitats, conspecifics and heterospecifics? What is the response 
when fishes are confronted with multiple conflicting cues from habitats and 
conspecifics, and is there any hierarchy or flexibility in multiple reliable cue 
use?
3. Which are the preferred habitats or microhabitats that harbor highest densities 
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of early juveniles? 
4. Do intertidal fishes feed significantly in mangroves? And where do they 
obtain most of their energy source from? If not in the mangroves, what is the 
ecological function of the mangrove habitat to intertidal fishes? 
Thesis outline
Chapter 2 addresses the potential role of visual cues during microhabitat selection. 
The focus is on how different microhabitats and conspecifics or heterospecifics play a 
role during settlement of early-stage coral reef fish recruits. The interaction between 
microhabitat and different size classes of conspecifics is also examined at a fine scale 
of 1 cm differences in body lengths. Dorry snapper (Lutjanus fulviflamma) was used 
as the model species. L. fulviflamma are commonly found as adults on coral reef in 
the Indo-Pacific region while juveniles are mainly associated with mangroves and 
seagrass beds (Lugendo et al. 2005, Kimirei et al. 2011). Experimental fishes were in the 
size range of 2-3 cm.
Not only visual cues are important during the early life of coral reef fishes but also 
olfaction cues. Chapter 3 focused on the interaction of multiple conflicting olfaction 
cues from habitats (seagrass, mangrove and coral reef), conspecifics, and heterospecifics, 
because it is important to understand the decision-making process when fishes are 
confronted with multiple cues, as relying on a single cue might reduce the survival 
chances of early recruits. Fishes often do not remain in the habitat in which they have 
settled. This is because their requirements change throughout ontogeny. So for different 
species different habitats may be of importance for feeding and seeking shelter. Chapter 
4 studies the habitats on which fishes from different families and parts of the world 
rely in terms of their feeding. We used naturally occurring carbon and nitrogen stable 
isotopes to trace the origin of organic carbon especially by identifying where fish obtain 
most of their carbon source and to better understand the ecological function of these 
habitats for fishes that interlink seagrass-mangrove habitats. It is known that coastal 
ecosystems are often energetically connected through active movement of organisms 
or passive transport of nutrients and particulate organic matter by means of river flow 
or tidal exchange. Through this mechanism fish tend to move from one habitat to the 
other during the tidal cycle. But migration to a particular habitat, for instance into the 
mangrove roots at high tide, does not necessarily indicate that they feed there, as this 
movement might also be associated with predator avoidance, spawning or other activities. 
To understand the intertidal role of mangroves and seagrass beds, short and long term 
residence was studied in these habitats. This was done using carbon and nitrogen stable 
isotopes signature of stomach contents and muscle tissues and linked to stable isotopes 
signature of potential food sources from their respective habitats. Analysis was done at 
species, community and global levels and incorporated different geographical locations 
and tidal regimes. 
Whereas chapter 4 focused on the habitats that are most important for feeding, Chapter 
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5 investigates how habitats differ in terms of their standing stocks of fishes. The chapter 
takes a holistic approach on juvenile habitat use by fishes by combining data from the 
literature with our own data in to understand on a global scale how different nursery 
species occupy different habitats on large spatial scales, and what the potential underlying 
drives are. The results of different studies and our own database were analysed using 
a meta-analysis approach. This can provide better information to managers and other 
decision makers on where the focus should be in managing fishery stocks especially for 
fish species that depend on interlinked seagrass beds and mangroves as their juvenile 
habitat.
Chapter 6 is the general discussion of this thesis. Here I put all findings together and 
discuss the new insights from this thesis. Gaps and directions for future research are 
also discussed.
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Abstract
Pelagic larvae of some coral reef fish species are known to be active swimmers that can 
carefully select preferred microhabitat during settlement. Fish larvae may use visual, 
environmental, or chemical cues to orient and settle in shallow-water habitats such 
as coral reefs, mangroves, and seagrass beds. In the present study, we investigated in 
dual-choice laboratory experiments the visual attraction of recent settlers of a reef fish 
(Lutjanus fulviflamma) towards different microhabitats, conspecifics, and heterospecifics, 
and the interactive effects among these cues. Fish preferred seagrass and coral above 
mangrove roots. Fish were more attracted towards a combination of conspecifics or 
heterospecifics and seagrass microhabitats than to seagrass microhabitats alone, but 
showed a significantly stronger preference for conspecifics than for heterospecifics 
when placed in preferred seagrass or non-preferred mangrove microhabitats. 
However, the preference for conspecifics disappeared when choice was given between 
conspecifics placed in non-preferred mangrove microhabitat versus heterospecifics 
placed in preferred seagrass habitat. A multiple choice experiment further showed 
that recent settlers preferred conspecifics of equal or about 1 cm larger body size, but 
not of 2 or 3 cm larger body size. The higher attraction towards the combination of 
seagrass microhabitats and conspecifics/heterospecifics shows an additive effect of the 
latter, which could be explained by the fact that presence of resident fish in preferred 
habitat may indicate favorable conditions in the field and may offer an increased safety 
through schooling. However, (1) attraction towards conspecifics of (nearly) similar 
body size and not larger, (2) stronger attraction towards conspecifics in non-preferred 
than in preferred microhabitat, and (3) equal attraction towards conspecifics in non-
preferred microhabitat vs. heterospecifics in preferred microhabitat all indicate that the 
importance of schooling with conspecifics is highly context-dependent. This may have 
significant effects on the distribution of early-stage fish (and thus also on consecutive life 
stages) in coastal habitats. Our findings point to the potential ecological significance of 
various visual cues, and their interactive effects, for early juvenile coral reef fishes while 
settling into shallow-water habitats and/or selecting early post-settlement habitats.
Keywords: conspecifics, heterospecifics, schooling, blackspot snapper, settlement, sensory 
response
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Introduction
Most coral reef fish species are known to have two life stages: a pelagic larval stage and 
a demersal juvenile and adult stage (Leis and McCormick, 2002). Adults spawn on the 
reef or the continental shelf and the fertilized eggs develop into pelagic larvae while 
drifting off into the open ocean. After a period of weeks to months, the larvae find 
their way back to the coast and settle on the substratum. Larvae of some coral reef fish 
species, however, do not settle on the coral reef itself, but in temporary inshore or back-
reef habitats (Adams et al., 2006; Pollux et al., 2007). Many reef fish species spend part of 
their juvenile phase in seagrass beds and mangrove forests (see reviews by Nagelkerken, 
2007; 2009). These are attractive habitats for many fish because they provide high food 
abundances (Nakamura and Sano, 2005; Kitheka et al., 1996; but see Grol et al., 2008) 
or higher survival rates compared to coral reefs (Chittaro et al., 2005; Grol et al. 2011).
The ability to locate suitable microhabitats during settlement, or during recruitment 
to other habitats in the following life stages, can have large advantages in terms of 
enhancing growth or lowering predation risk. Mortality and growth of post-settlement 
reef fish are important processes regulating population structure and abundance of fish 
(Hixon, 1991; Jones, 1991). In general, mortality is extremely high in the first days or 
weeks following settlement (Shulman and Ogden, 1987; Levin, 1993; 1994), and even 
small variations in the mortality rate can modify patterns of recruitment to the extent 
that variations in larval settlement are no longer reflected in the adult population (Jones, 
1991; Levin, 1994). For settlement-stage fish, the ability to locate suitable microhabitats 
is crucial to increase their survival chances. Studies have shown that fish often select 
shelter holes closely matching their body size, which minimizes the risk of predation 
(Shulman et al., 1983; Buchheim and Hixon, 1992). Furthermore, well-fed settlers have 
a higher chance to escape from predators than low fed-settlers, which are characterized 
by low condition and slow growth rates (Booth and Beretta, 2004).
Visual, olfactory, and auditory senses are known to be functional in reef fishes when 
settling into their first benthic habitat (Myrberg and Fuiman, 2002; Montgomery et al., 
2006; Huijbers et al., 2008; Simpson et al., 2008). Although visual cues are likely used by 
fish larvae over short distances, they play a very important role in microhabitat selection 
during settlement and consecutive demersal life phases. Studies have shown that the use 
of visual cues can help identify specific microhabitats or the presence of conspecifics in 
order to find appropriate habitat (Lecchini et al., 2007b). Vision is especially important 
in environments where water transparency is high (McCormick and Manassa, 2008), 
such as on coral reefs or in non-estuarine back-reef areas.
Fish that use back-reef habitats during their juvenile life phase show direct settlement 
from the ocean into these habitats (Adams et al., 2006; Pollux et al., 2007). During 
settlement, larvae can choose from various types of microhabitats in lagoons and 
estuaries, such as macroalgae, seagrass, mangrove roots, corals, and rubble. During 
growth, many of these fishes continue to show post-settlement movements to other 
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microhabitats (Cocheret de la Morinière et al., 2002). The factors that contribute to the 
visual selection of these specific microhabitats remain unclear, as previous studies have 
mainly focused on coral reefs or coral microhabitats (Lecchini et al., 2007a). Multiple 
habitat-specific, biotic, and environmental factors may play a role in habitat selection 
in estuarine or lagoonal environments, e.g. food abundance (Verweij et al., 2006), 
presence of conspecifics/heterospecifics (Lecchini et al., 2007a), degree and type of 
shelter provided by a microhabitat (Nakamura et al., 2007; Nagelkerken and Faunce, 
2008; Nagelkerken et al., 2010), priority effects, competition and predation (Adams and 
Ebersole, 2010; Dorenbosch et al., 2009). Presence of multiple interacting factors makes 
it very difficult to understand the individual role of these factors in field studies. To this 
end, we performed laboratory experiments to isolate and investigate the individual role 
of the factors microhabitat type, presence of conspecifics, presence of heterospecifics, 
and the interactive effects among these factors, with respect to microhabitat selection.
Our model species was the blackspot snapper Lutjanus fulviflamma, a species commonly 
found as adults on coral reefs in the Indo-Pacific region. Juveniles of L. fulviflamma are 
mainly associated with mangroves and seagrass beds (Lugendo et al., 2005). The specific 
questions addressed here are: (1) To which lagoonal microhabitat (coral, mangrove roots, 
seagrass shoots) are fish preferentially attracted? (2) Does presence of conspecifics or 
heterospecifics have an additive effect on microhabitat selection? (3) Is microhabitat 
preference driven by body size of resident conspecifics? and (4) Does an interaction exist 
between microhabitat type and presence of conspecifics/heterospecifics with respect to 
microhabitat preference? The life phase studied here is of early post-settlement fishes.
Material and methods
Field survey
The study was carried out between February 2007 and March 2008 at Kunduchi, Dar 
es Salaam, Tanzania. Before the start of the experiments, a rapid field assessment was 
conducted on the nearby seagrass bed, mangrove forest and coral reef. A total of 9–10 
quadrats of 50 × 50 cm for seagrass and mangrove each, and seven quadrats of 1 × 1 m 
for coral reef were sampled randomly. In each quadrat, the number of seagrass shoots 
and mangrove roots of dominant vegetation species were counted, while the percent 
cover was estimated for coral and seagrass (Table 1). These in situ values were used to 
mimic the habitats in the aquarium set-up.
Table 1:Percent cover and number of seagrass shoots, mangrove roots and coral colo-
nies in the field and in the experimental aquaria. Field values represent means (± SE) of 
replicate quadrats; na = not applicable.
% cover # structures/ m2
Habitat Species In situ Aquaria In situ Aquaria
Seagrass bed Thalassia hemprichii 93±7 90 356±112 360
Mangrove Sonneratia alba na na 151±14 163
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% cover # structures/ m2
Habitat Species In situ Aquaria In situ Aquaria
Coral reef Acropora formosa 65±12 40 na na
Fish collection and experimental setup
Experimental fish were caught daily during outgoing tide in a tidal pool at an average 
depth of 0.4 m using a beach seine net. The tidal pool harbored marginal patches of 
seagrass and was completely drained during the last hour of the ebb tide. All fish were 
transferred to the laboratory within 10 minutes after capture and kept in an aquarium 
with an air bubbler and 3–4 rocks for shelter. All fish were kept overnight prior to the 
experiments to acclimatize to laboratory conditions and were not fed. We specifically 
caught the smallest fish available; total length was 2.9 ± 0.7 cm (mean ± 1 standard 
deviation, N = 464). There is no detailed information on the settlement size of L. 
fulviflamma, however, the size at settlement for most Lutjanidae is about 2 cm total 
length (Victor et al., 2009).
Experiments were conducted in a separate room in the laboratory with minimal noise 
intrusion from the outside environment. All experiments were conducted between 
10:00 and 16:00 hrs. The experimental room had large glass windows and light was 
relative evenly distributed. All aquaria were aligned in an east-west direction to avoid 
possible effects from electromagnetic cues from Earth (Kirschvink and Gould, 1981). 
Each individual fish was used only once to avoid pseudo-replication.
We used two types of aquaria: rectangular (for microhabitat preference; Fig 1a) and square 
(for multiple heterospecific and different conspecific size-class choice experiments; Fig 
1b). The rectangular aquaria had a dimension of 1.2 × 0.4 × 0.4 m (length × width × 
height) and were divided into three compartments separated by two clear glass plates. 
The two smaller side compartments had a dimension of 0.2 × 0.4 m (l × w), while the 
central compartment measured 0.8 × 0.4 m and was visually divided into left, middle 
and right areas. The long sides of the aquaria were painted black on the outsides; the two 
outer ends were not painted to allow light to pass through so fish could clearly see the test 
microhabitats. The square aquaria had a dimension of 0.8 × 0.8 × 0.4 m. In each corner 
a 0.5 × 0.4 m clear glass plate was attached to the two nearest sides of the aquarium, 
creating four equal side compartments and a large central compartment. Fresh seawater 
was daily pumped from the sea and stored into 3,000 l water tanks in the laboratory with 
air bubblers. All aquaria were filled with seawater from the tanks to a height of 20 cm 
and dry beach sand was used as a substratum in all main and side compartments. No air 
bubblers were used in the aquaria during the experiments.
During each replicate experiment the test fish was carefully introduced into the central 
compartment using a small plastic can filled with seawater, and allowed to acclimatize for 
2 minutes; Thereafter, the time the fish spent in each area of the central compartment was 
recorded. Each replicate experiment lasted 15 min. The test fish was considered to make 
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a choice when the fish was swimming within 20 cm (position marked in the aquarium) 
from a displayed microhabitat on either side of the rectangular aquaria and within 10 cm 
from the glass plate of any side compartment of the square aquaria. The time a fish spent 
in the middle of the aquarium was omitted in all graphs for comparative reasons. Total 
length of the test fish was measured after each experiment to the nearest millimeter. To 
counteract a potential effect of differential light distribution in the laboratory or other 
side effects in all experiments, the rectangular aquaria were turned 180o and the square 
aquaria 90o after every three replicates. After each replicate experiment with a single fish, 
the central compartment was completely emptied and cleaned inside with ethanol and 
left to dry prior to the next replicate, so as to avoid introduction of olfactory cues from 
the previous test fish.
Water temperature and salinity were recorded daily in the field after pumping water 
into the lab as well as in the aquaria during the experiments. Surface water temperature 
in the field was on average 28.3 ± 0.5 °C (mean ± SE) and salinity 33.8 ± 0.7‰; water 
temperature in the aquaria was on average 27.9 ± 0.3 °C and salinity was 33.5 ± 0.2‰.
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Figure 1: Schematic diagram of the experimental aquaria: (a) a rectangular aquarium 
with closed left and right side-compartments for microhabitat display. The two dashed 
squares visually divide the central compartment in a left, middle, and right part to 
distinguish the position of each fish, (b) a square aquarium with four closed side-
compartments (C1–C4).
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Microhabitat choice experiments
Seagrass (Thalassia hemprichii) was collected from a nearby seagrass bed and was 
used because it is locally abundant and Lutjanus fulviflamma are typically associated 
with this seagrass species. The seagrass leaves and part of the root were placed in a 
side compartment in four rows parallel to the glass wall separating the compartments. 
Along each row the individual seagrass shoots were placed at random mutual distances 
to reflect the natural habitat. Shoots had approximately five leaves and were about 12 cm 
high.
Standing mangrove pneumatophores (Sonneratia alba) were collected at the Kunduchi 
estuary. The mangrove roots were cut in situ just below the sediment surface, tied 
randomly on a wire string so as to form two rows of mangrove roots, which were then 
placed in a side compartment. Each string of mangrove roots consisted of 10 roots with 
an average height of 15 cm and a diameter of 2 cm.
Coral fragments (Acropora formosa) were collected from a nearby reef. The fragments 
were left to dry in the lab and painted in their natural brown color to mimic live coral, 
as live coral did not survive long in the test aquaria. Three pieces of branched coral 
fragments were randomly put in the side compartments. The coral fragments were on 
average 15 cm high and 10 cm wide.
We first tested our aquarium setup briefly by displaying the same type of microhabitat or 
species of conspecifics or heterospecifics on both sides of the rectangular aquaria. This 
served as an additional control experiment to determine whether there was any bias in 
fish preference as a result of the aquaria themselves. The microhabitat choice experiments 
were done in the rectangular aquaria and included the following three treatments: 
seagrass vs. mangrove, coral vs. mangrove, and seagrass vs. coral. The assignment of 
the microhabitats to the two sides of the aquaria was random and continuously changed 
throughout the study.
Conspecific and heterospecific choice experiments
First, an experiment was done to determine which species of heterospecific was most 
preferred by L. fulviflamma. Five individual heterospecifics of the same size class (1.7–
3.8 cm total length) as the test fish were introduced randomly into each of the four 
side compartments of the square aquaria with each side compartment harboring a 
single species of heterospecific (Gerres oyena, Siganus sutor, Terapon jarbua or Upeneus 
tragula). The species choice of heterospecifics was made on basis of their high abundance 
in the field and similarity in habitat use or behavior as L. fulviflamma (unpubl. data). 
One test fish was introduced in the central compartment for each replicate experiment. 
After every four replicate experiments, the heterospecifics were removed from the side 
compartments and replaced by new ones, the aquarium was completely cleaned, and the 
mutual placement of heterospecifics changed among the side compartments. Seagrass 
shoots were placed at equal density (see Table 1) in all side compartments together with 
the heterospecifics.
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For the various conspecific and heterospecific choice experiments (see Fig. 4) the 
rectangular aquaria were used. Seagrass or mangrove microhabitats were placed in 
the two side compartments together with five conspecifics or heterospecifics (S. sutor) 
per compartment of the same size class (1.7–3.8 cm) as the test fish. One test fish was 
introduced in the central compartment for each replicate experiment. The mutual 
placement of heterospecifics, conspecifics, and microhabitat was changed continuously 
and the aquaria rotated 180 degrees in position, as previously described, to control for 
potential side-effects.
To test the preference for conspecific body size, five individuals of L. fulviflamma of 
each of four different size classes (1.9–2.1, 2.9–3.1, 3.9–4.1 or 4.9–5.1 cm total length) 
were placed in the four different side compartments of the square aquaria (one size 
class per compartment). After every four replicate experiments, the conspecifics were 
removed from the side compartments and replaced by new ones, the aquarium was 
completely cleaned, and the mutual placement of size classes changed among the side 
compartments. The aquaria were regularly rotated 90 degrees in position as previously 
described, to control for potential side-effects. Seagrass shoots were placed at equal 
density in all side compartments during the experiments. One test fish was introduced 
in the central compartment per replicate experiment. Test fish ranged in size between 
2.0 and 2.5 cm total length.
Statistical analyses
All statistical tests were performed using SPSS 15.0 for Windows (SPSS Inc., 2006). 
Normality of the data was checked with a Shapiro-Wilk test and homogeneity of 
variances was tested with a Levene’s test. All data that did not show homogenous 
variances were log(x + 1) transformed, and a Levene’s test was performed once again. 
To check for significant differences (p < 0.05) among various experiments, t-tests, paired 
samples t-tests (rectangular aquaria) or repeated-measures ANOVA (square aquaria) 
were performed.
Results
Control experiments
The control experiments showed no preference for either side of the square aquaria when 
the same microhabitat was displayed on both sides (Fig. 2a–c), ruling out a side effect. 
Also in the control experiments with conspecifics and heterospecifics, test fish did not 
show a preference for either side of the aquaria (Fig. 2d–e).
A significant difference in preference for species of heterospecifics was found (repeated-
measures ANOVA, p = 0.021, Fig. 2f). Highest preference was found for Siganus sutor, 
although this was only significantly higher compared to that for Terapon jarbua.
Microhabitat preference
The test fish showed a significantly higher preference for seagrass and coral microhabitats 
than for mangrove roots, but an equal preference between seagrass and coral microhabitats 
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(Fig. 3). Furthermore, for the seagrass–mangrove experiment 21 of the test fish spent 
more than 70% of their time at the seagrass side compared to two fishes that spent > 
70% of their time at the mangrove side. Likewise, 16 vs. 1 test fish spent > 70% of their 
time at coral vs. mangrove side, respectively, for the coral–mangrove experiment. For 
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Figure 2: Box plots of control experiments showing percentage of time that fish spent 
at each side of the rectangular (a–e) test aquaria, and results of the heterospecific 
preference experiment in the square aquaria (f). The boxes show the medium and 
the lower and upper quartiles, while the end of the whiskers indicate minimum and 
maximum values. Sg = seagrass shoots, Mg = mangrove roots, Cr = coral fragments, Lf 
= Lutjanus fulviflamma, Ss = Siganus sutor, Go = Gerres oyena, Ut = Upeneus tragula, 
Tj = Terapon jarbua. p-values show results of paired t-tests, n = numbers of replicates. 
In 2f, different letters above whiskers indicate significant differences among treatments 
(repeated-measures ANOVA); if species share a similar letter no significant differences 
are present.
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the seagrass–coral experiment, only 6 and 8 of the tested individuals spent > 70% of the 
observation time at the seagrass and coral sides, respectively.
Conspecific and heterospecific preference
Based on the above microhabitat experiments, which indicated a preference for seagrass 
and coral microhabitats above mangrove roots, and based on higher densities of early 
juvenile L. fulviflamma in seagrass beds than on reefs (Kimirei et al. in revision) we here 
tested the preference for conspecifics or heterospecifics in preferred (seagrass) vs. non-
preferred (mangrove) microhabitats.
Lutjanus fulviflamma preferred the combinations of seagrass with conspecifics (mean: 
80.5%, paired sample t-test, p < 0.001) and seagrass with heterospecifics (mean: 69.3%, 
p < 0.001) above seagrass microhabitat alone (Figs. 4a,b). However, mean percent time 
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Figure 3: Box plots of percentage of time that fish spent at each side of the rectangular 
test aquaria with different microhabitats. Sg = seagrass shoots, Mg = mangrove roots, 
Cr = coral fragments. p-values show results of paired t-tests, n = number of replicates.
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spent at the side with preferred habitat with heterospecifics (Fig. 4b) was significantly 
lower than that for preferred habitat with conspecifics (Fig. 4a): 69.3 vs. 80.5%; t-test, 
p = 0.019. In addition, the variability (as shown by the lower and upper quartiles and 
the whiskers) was much larger for the former than for the latter. When compared in a 
single experiment (Fig. 4c) there was a significant preference (paired sample t-test, p = 
0.011) for seagrass with conspecifics (56.4%) above seagrass with heterospecifics (32.3%). 
This pattern was also observed when tested in non-preferred mangrove microhabitat 
(Fig. 4d): 73.8% vs. 19.5%, respectively; paired sample t-test, p < 0.001). However, in 
the latter experiment the difference in preference between the two sides was much 
higher compared to the former: 54.3% vs. 24.1%, respectively; t-test, p = 0.022), while 
the variability in choice preference was larger in preferred seagrass microhabitat than 
non-preferred mangrove microhabitat. Interestingly, when the non-preferred mangrove 
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Figure 4: Box plots of percentage of time that fish spent at each side of the rectangular test 
aquaria with different combinations of conspecifics, heterospecifics and microhabitats. 
Sg = seagrass shoots, Mg = mangrove roots, Lf = Lutjanus fulviflamma, Ss = Siganus 
sutor. P-values show results of paired t-tests, n = number of replicates.
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microhabitat was offered in combination with conspecifics vs. preferred seagrass 
microhabitat with heterospecifics (Fig. 4e), the test fish no longer preferred conspecifics 
(50.1%) above heterospecifics (38.9%; paired sample t-test, p = 0.302).
Preferred seagrass microhabitat was used to explore the degree to which choice 
preference for conspecifics present in microhabitat is driven by conspecific body-size 
(Fig. 5). There was a significant effect of conspecific body size on preference of test fish 
(repeated-measures ANOVA, p < 0.001), with highest preference for the size class of 1.9–
2.1 cm that was similar to that of the test fish (i.e., mean ± SE: 2.1 ± 0.03 cm) and for the 
next larger size class of 2.9–3.1 cm. The size classes 3.9–4.1 cm and 4.9–5.1 together only 
accounted for 29.6% of the preference.
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Figure 5: Box plots of percentage of time fish spent at the four sides of the square 
aquaria harboring conspecifics of different size classes (total length). Different letters 
above whiskers indicate significant differences among treatments (repeated-measures 
ANOVA); if size classes share a similar letter no significant differences are present.
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Discussion
The control test results showed no specific side preference for the dual-choice aquaria, 
suggesting that the aquaria themselves did not have an influence on the choices made 
by the test fish. We are therefore confident that the choices made by the test fish were 
mediated by the different cues presented. Nevertheless, visual cues were switched sides 
and aquaria rotated position throughout the study to account for possible side effects. 
The present study shows that recently-settled L. fulviflamma visually differentiate among 
various microhabitats and that they preferred seagrass and coral reef microhabitats 
above mangrove roots. This preference suggests that previous experience of the habitat 
where the fish were caught (i.e., tide pools with marginal seagrass cover) did not play 
a role. Seagrass and coral reef microhabitats offered more and smaller shelter holes for 
the small fish than the widely-spaced upright roots that are typical for Sonneratia alba 
mangroves. Physical structure of the habitat has been related to predator avoidance and 
provides better hiding space compared to riskier habitat with less structural complexity 
(Almany, 2004; Lecchini et al., 2007a; Canion and Heck, 2009). 
Conspecifics as well as heterospecifics had an additive effect to the presence of 
microhabitat structure. Lutjanus fulviflamma preferred seagrass with conspecifics above 
seagrass microhabitat alone. Attraction to conspecifics is common in fish species (Krause 
et al., 1996; Lecchini et al., 2005). For example, settling Chromis viridis used presence of 
conspecifics as a visual cue when selecting living coral colonies (Lecchini et al., 2007b). 
However, in contrast to many studies (reviewed by Arvedlund and Kavanagh, 2009), 
test fish also showed a strong preference for seagrass with heterospecifics vs. seagrass 
alone, albeit with a higher degree of variability than for conspecifics. Fish usually prefer 
to school with their own conspecifics (Shaw, 1978); for example, Lecchini et al. (2007a) 
showed that the presence of heterospecific competitors had the potential to influence 
negatively the settlement of fish to specific microhabitats. Nevertheless, the presence 
of heterospecifics could provide additional safety through schooling compared to 
microhabitats with structure alone. The role of schooling depends on the behavior of the 
fish species considered; during the experiment tested fish were less attracted to T. jarbua 
which swam more actively in the aquarium than the other species. The heterospecific 
species used during consecutive experiments (S. sutor) is known to settle and co-exist 
with L. fulviflamma on seagrass beds during their juvenile stages (Mellin et al., 2007), 
which might explain the higher attraction of L. fulviflamma to this heterospecific species. 
Furthermore, L. fulviflamma and S. sutor feed at different trophic levels (Lugendo et al., 
2006) thus eliminating competition for food resources. The above findings thus show 
that when conspecifics are absent in seagrass beds some species of heterospecifics can 
be similarly attractive for shelter-seeking behavior, and indicate that in this situation 
protection gained from schooling is more effective, or preferred, compared to that from 
seagrass structure alone.
The present study also shows that microhabitat type and presence of 
conspecifics/heterospecifics have an interactive effect on the microhabitat preference of 
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L. fulviflamma. The attraction to conspecifics vs. heterospecifics increased significantly 
and the variability in choice preference decreased considerably when preferred seagrass 
microhabitat was replaced with non-preferred mangrove microhabitat. Orpwood et al. 
(2008) showed that for European minnow (Phoxinus phoxinus), a freshwater fish species, 
adults mainly showed schooling behavior with conspecifics when there were insufficient 
shelter opportunities provided by physical habitat structure. The present study also 
shows that the ratio of conspecific to heterospecific schooling preference increases 
when shelter opportunities become less favorable (i.e., densely-packed seagrass leaves 
vs. widely-spaced mangrove roots). Clearly, fish perceive schooling with conspecifics 
safer than with heterospecifics when conditions become more adverse. The opposite was 
also true. When conspecifics were placed in non-preferred mangrove microhabitats and 
heterospecifics in the preferred seagrass habitat, no difference in preference was found 
any longer. This clearly shows that the importance of schooling with conspecifics is 
strongly context-dependent (i.e., in this case regulated by microhabitat characteristics).
Recently-settled Lutjanus fulviflamma preferred conspecifics of equal or somewhat larger 
size class. Fish are known to prefer association/schooling with conspecifics with similar 
habitat use and body size, a behavior known to enhance protection against predators 
(Croft et al., 2003). In freshwater fishes, studies have shown that individual body length 
is an important factor in decision making by the individual fish when joining a group 
(see review by Hoare et al., 2000); for example, laboratory experiments have shown that 
individuals show a higher preference for conspecifics that are of similar, as opposed to 
larger (range: 1–5 cm larger) body length (Pitcher et al., 1986; Ranta et al., 1992; Krause 
and Godin, 1994). In contrast, Ledesma and McRobert (2008) found that tested fish did 
not differentiate among size-matched individuals and those that were just 0.4 cm or 1 cm 
larger. Little is known of the conspecific size up to which individuals are still attracted, 
as few studies have tested preference by fish for consecutively larger size classes. Our 
finding suggests that the attraction towards larger conspecifics approximately holds up 
to an additional 1 cm in body length, at least for fishes of this species. Therefore, if small 
fish are confronted with differently-sized conspecifics in lagoonal environments, the 
decision to select a particular microhabitat could also depend on the body size of the 
resident fish.
In conclusion, our results showed that recently-settled L. fulviflamma had a significant 
preference for particular microhabitats. Presence of resident conspecifics as well as 
heterospecifics can play a strong attracting role, the strength of which depends on the 
type of microhabitat available and the body size of conspecifics. The selection of habitat 
by fish is thus more complex than a simple preference for structurally complex habitat 
with conspecifics. The context-dependent attraction to conspecifics may have significant 
effects on the distribution of early-stage fish (and thus also on consecutive life stages) in 
coastal habitats, but field studies are needed to further test this.
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Abstract:
Most coastal marine organisms have a dispersive oceanic larval stage, which must be able 
to distinguish and respond to relevant environmental cues when settling into first benthic 
habitat. Chemical stimuli emanating from settlement habitats and being dispersed by 
water plumes could enable long-distance navigation by larval reef fish, but we know little 
about the responsible cues and their interactive effects. In the present study we tested 
this by conducting several ex situ choice experiments in which the response of coral reef 
fish (Lutjanus fulviflamma) towards different chemical cues from coastal habitats was 
tested close to their settlement stage. Fish preferred seagrass habitat water over that from 
coral reef and mangrove habitats. Furthermore, fish were attracted to chemical cues 
from their own species (conspecifics), other fish species, and vegetation of four different 
seagrass species when offered in isolation (i.e. soaked in neutral water), but a strong 
response remained only towards cues from conspecifics and seagrass leaves when the 
former cues were mixed with seagrass habitat water that naturally contains other cues. 
Hierarchical effects were observed as fish preferred chemical cues from seagrass leaves 
over those from conspecifics when both were offered at the same time. The importance 
of visual habitat cues only overruled that of chemical cues when it concerned preferred 
cues. Our findings indicate that pelagic fish and settlers possess the ability to use 
multiple reliable chemical cues to locate suitable early life-stage habitats, although the 
importance of these cues is context-dependent. Nevertheless, this flexibility in choice 
behavior is probably an adaptive strategy to enhance fitness by increasing successful 
orientation towards preferred settlement habitats.
Keywords: sensory modalities, mangrove, seagrass, coral reef, chemical cues, coral reef 
fish, Lutjanus fulviflamma
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Introduction
The ability to navigate from one environment to another is an important part of life 
for terrestrial as well as aquatic animals. Many short-term activities, such as foraging, 
reproduction, and predator avoidance, require an organism to move in specific directions 
through a land- or seascape. The orientation for these movements involves the sensory 
modalities of an organism and the availability of relevant environmental cues. One of 
the common senses involved in orientation is that of smell (olfaction). Most animals are 
known to possess a well-developed olfactory system and the role of this sense has been 
widely documented. For example, birds are known to use chemical cues for navigation 
and orientation (Gagliardo et al. 2008, Holland et al. 2009), foraging (Nevitt 2008) and 
predator recognition (Amo et al. 2008). Honey bees can track the scent produced by 
flowering plants to trace potential food sources (Beekman 2005), while animals such as 
lizards can distinguish mates of different genotypes based on odor (Olsson et al. 2003). 
In the aquatic environment, animals are exposed to an enormous diversity of cues which 
are mixed and dispersed by waves, currents, and tides. Fish, for example, can already 
detect natural chemical cues at concentrations of parts per billion (Belanger et al. 2006) 
and therefore need to be able to separate relevant cues from high levels of background 
noise. Extracting useful information from these multiple cues is crucial to the survival 
of an individual. For example, hermit crabs can discriminate between a chemical cue 
from shells with a dead snail and that of dead conspecifics while looking for an empty 
shell and this behavior has been hypothesized as a mechanism to reduce exposure time 
to predators and thus reduce mortality risk (Gherardi & Atema 2005). Juvenile salmon 
imprint the chemical cue associated with their home stream before migrating offshore, 
and as adults they use their memory of this chemical signature to relocate their stream 
of birth for spawning (Dittman & Quinn 1996). For settlement-stage larvae of marine 
organisms that are completing their oceanic life-stage, the foremost important activity 
is to orientate to and locate an optimal benthic habitat. Chemical and auditory cues may 
play an important role for orientation during this process (Atema et al. 2002, Huijbers 
et al. 2012).
The decision-making process related to factors such as orientation, localization of food, 
and predator avoidance can involve single or multiple cues. When confronted with 
conflicting cues an animal is expected to use the most reliable cue to increase its decision 
accuracy (Ward & Mehner 2010). For instance, desert ants can rely on both visual and 
path integration cues to decide which landmarks are relevant for orientation (Wehner et 
al. 1996). However, in the case where visual and path integration information does not 
match, ants rely on path integration cues only (Wehner et al. 1996). Likewise, larvae of 
Apollo butterfly (Parnassius apollo) rely on olfaction cues over visual cues in locating 
host plant (Fred & Brommer 2010). Other studies indicate that the type of information 
an animal uses depends on the context or the immediate environmental conditions, and 
an animal can use cues hierarchically according to local ecological conditions (Scapini 
et al. 1996). It is likely that for aquatic vertebrates, sound cues prevail over olfactory and 
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visual cues when long distances are involved (Leis et al. 1996) primarily because sound 
travels long distances through water (Leis et al. 2002, Montgomery et al. 2006). Most 
research on orientation mechanisms in marine vertebrates such as fishes have focused 
on single sensory modalities (Basil et al. 2000, Gerlach et al. 2007, Huijbers et al. 2008) 
or multiple modalities using non-conflicting cues (Arvedlund et al. 1999, Brolund et al. 
2003, Hale et al. 2009). However, little is known about the role of multimodality when it 
concerns conflicting cues.
The tropical coastal seascape is an intriguing environment to study how animals deal 
with conflicting cues to locate suitable benthic habitats. Various species of reef fish have 
larvae that navigate through multiple coastal ecosystems before settling. For example, 
reef species that are associated with mangroves and seagrass beds during only their early 
life stage need to navigate as larvae from the open ocean, across coastal shelves that 
harbor coral reefs, towards bays or lagoons that harbor juvenile habitats (Pollen et al. 
2007, Pollux et al. 2007). Potentially, larvae of such species consecutively use auditory, 
olfactory, and visual cues to navigate from the open ocean towards their settlement 
habitats (Huijbers et al. 2012). The settlement stage is usually short and lasts a few days 
at most (Milicich & Doherty 1994), as larvae are extremely vulnerable to predation when 
they arrive near shore and have to pass through a ‘wall of mouths’ formed by coastal 
predators (Hamner et al. 1988, McCormick & Kerrigan 1996, McCormick & Holmes 
2006). Fish larvae that settle in mangrove/seagrass habitats would greatly benefit from 
well-developed senses and use of reliable cues to locate more isolated inshore vegetated 
habitats. During their settlement stage they may rely strongly on olfactory cues as these 
can disperse several 10s to 100s of meters from their source (Kingsford et al. 2002) Yet, 
the blend of chemical cues that they encounter is highly complex due to mixing of water 
bodies from diverse marine habitats. Our understanding of the cues that can be used 
by marine larvae to locate suitable habitats (Kingsford et al. 2002), and how they cope 
with conflicting cues during the critical settlement-stage, remains rudimentary. Clearly, 
complex studies using multiple and how they respond to conflicting cues during the 
critical settlement -stage, remains rudimentary. Clearly, complex studies using multiple 
and conflicting biotic cues are lacking to provide an understanding of how oceanic 
larvae manage to locate distant settlement habitat within an aquatic medium that is 
characterized by a complex mix of potential cues. 
In the current study we investigated the attraction of the early life stage of a tropical 
reef fish (Lutjanus fulviflamma) to a variety of chemical as well as visual cues to test the 
hypothesis that fish are most attracted to chemical cues from aquatic vegetation and 
conspecifics, as these are relatively reliable cues for orientation. We performed several 
choice experiments involving chemical cues from conspecifics, heterospecifics, from 
different habitats, and from different species of seagrass vegetation to tease apart which 
specific cues that are normally mixed within coastal waters elicit the strongest behavioral 
response by fish and could potentially be used for successful shoreward orientation during 
their critical early life stage. This insight helps us to better understand the behavioral 
39
Orientation from open water 
flexibility that marine organisms with an oceanic life stage have to successfully locate 
settlement or juvenile habitats that can enhance their fitness. 
Materials and methods
Study area
The study was carried out between February 2007 and March 2009 at Kunduchi, Dar 
es Salaam, Tanzania (Figure 1). The Kunduchi creek harbors mangrove forests with 
an estimated total surface area of 68.7 ha (Wang et al. 2003). The creek has a narrow 
entrance to the ocean of approximately 300 m wide, and is 2.2 km long from entrance 
to the origin. The area has an average tidal difference of 3.5 m, and during low tides the 
Figure 1: Sampling locations for collection of habitat water types from mangroves (Mg), 
seagrass beds (Sg) and coral reefs (Rf), and for collection of ‘neutral’ seawater from a 
barren sand flat (X).
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mangrove-root area is completely drained. Besides rainwater, the Kunduchi creek has 
no freshwater input. Ceriops tagal, Rhizophora mucronata and Avicennia marina are the 
most dominant mangrove species on the landward side, followed by Sonneratia alba, 
Xylocarpus granatum and Brugueira gymnorrhiza at the seaward side. 
Off the Kunduchi coast (about 600 m) lays an extensive seagrass bed extending from 
the spring low water mark to a depth of about 5 m offshore. Thalassia hemprichii and 
Thalassodendron ciliatum are the dominant seagrass species in this bed.  Mbudya Island 
is located 3.5 km offshore and is fringed by shallow (3–10 m depth) coral reefs. Reefs are 
dominated by the coral species Acropora formosa and Montipora aequituberculata.
Fish collection and choice chamber design
Our focal fish species was the Dory snapper (Lutjanus fulviflamma) as this common 
fish occurs in multiple coastal habitats (Dorenbosch et al. 2006, Lugendo et al. 2006, 
Kimirei et al. 2011). This largely zoobenthivorous fish species typically occur as juveniles 
in seagrass beds and mangroves which provide shelter (Igulu et al. 2011) and feeding 
areas (Lugendo et al. 2006), whereas the adults are predominantly found on coral reefs 
(Kimirei et al. 2011). Experimental fish were caught daily in a tidal pool at an average 
depth of 0.4 m (Figure 1) using a beach seine net. The tidal pool consisted of a soft-
bottom substratum without vegetation and was isolated from other habitat cues, such as 
that from mangrove, seagrass, or coral reef. On a daily basis we sampled the same pool 
to catch all new individuals that had settled there on the previous day/night. Total length 
of the fish was 2.7 ± 0.6 cm (mean ± 1 SD, N = 438). Settlement size of most lutjanids 
is estimated to be about 11–18 mm total length (Brogan 1996, Clarke et al. 1997), so 
either L. fulviflamma settles at larger sizes at our study area or our specimens had settled 
elsewhere and had moved afterwards to the tidal pools. All fish that were collected on 
the same day from the same school were carefully transferred to the laboratory within 
10 min. after capture and kept in an aquarium (1.2×0.4×0.4 m) with fresh seawater from 
the storage tank at ambient temperature, together with an air bubbler and 3–4 rocks for 
shelter. All fish were kept overnight at a density of max. 30 individuals per aquarium 
prior to the experiments to acclimatize to laboratory conditions, and were not fed. 
We used two types of choice chambers for testing chemical cues: 1) a dual-choice 
rectangular aquarium for all control experiments and experiments with chemical 
cues from habitats, conspecifics, and heterospecifics, and 2) a multiple-choice square 
aquarium for experiments comparing chemical cues from four different species of 
seagrass. The rectangular aquarium (Figure 2a) was divided into three compartments: 
a large central compartment that was separated by two vertical glass plates from two 
smaller side compartments. The central compartment was visually divided into left, 
middle and right zones. The two glass plates that separated the central compartment 
from the side compartments were painted black and each plate had a parallel row of 
five holes of 6 mm diameter all located at a height of 5 cm from the bottom glass plate. 
Water from the side compartments could in this way enter the central compartment. 
41
Orientation from open water 
The aquarium was completely painted black on the outside to exclude any external visual 
cues.
In each corner of the square aquarium, a 0.5×0.4 m (l × w) transparent glass plate with 
a parallel row of five holes (6 mm Ǿ, 5 cm above the bottom) was attached to the two 
nearest sides of the aquarium, creating four equally-sized side compartments and a large 
central compartment (Figure 2b). The square aquarium was surrounded by a wooden 
box to block any external visual cues from the sides.
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Figure 2:  Diagrams of the experimental aquaria: (a) a dual-choice aquarium with left 
and right side compartments for testing fish response to chemical cues. The two dashed 
squares visually divide the central compartment into a left, middle, and right part to 
determine the position of the fish during the experiment, (b) a multiple-choice aquarium 
with four side compartments (C1–C4) for testing fish response to four different chemical 
cues, and (c) a dual-choice aquarium adjusted for testing fish responses to chemical and 
visual cues at the same time.
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To test for responses towards chemical and visual cues at the same time, we adapted 
the rectangular aquarium by attaching a small glass box of 0.4×0.15×0.3 m (l × w × h) 
to each of the two side panels that separated the central from the side compartments 
(Figure 2c). The small glass boxes were attached at the top of the aquarium and were 
used to hold mangrove or seagrass vegetation to create visual habitat cues.
All side compartments of the three aquarium types were connected with plastic tubes 
to 10 l supply buckets. We first used colored dye to determine the optimal flow rate 
and to study how cue water mixed and flowed within the central compartment of the 
aquarium. A flow rate of approx. 200 ml/min was used, which resulted in water streams 
from opposite sides reaching the centre of the aquarium after 15 min. During the 
experiment there was no drainage from the central compartment and the flow rate was 
regularly checked.
Experiments were conducted in a separate room in the laboratory with minimal 
noise from outside. All experiments were conducted between 10:00 and 16:00 hrs. The 
experimental room had large glass windows and light was relatively evenly distributed. 
The dual-choice aquarium was always aligned in an east-west direction to avoid possible 
interference from the Earth’s electromagnetic fields (Kirschvink & Gould 1981). Each 
fish was only used once in the experiments to avoid pseudo-replication.
At the time of the experiments no animal ethics committee existed in Tanzania. 
Therefore there was no formal evaluation process. However, details of the experiments 
were presented to the Tanzania Fisheries Research Institute scientific committee. 
Furthermore, animal handling followed the guidelines of the Association for the Study 
of Animal Behaviour and the Animal Behaviour Society (ASAB/ABS 2006). All fishes 
were returned to the sea after the experiments and care was taken to minimize injuries 
or death of any individual.
Water collection and chemical cue preparation
“Neutral” seawater that was used to fill up the aquaria was pumped daily from a large 
barren sand flat 300 m offshore during incoming tide (Figure 1). The water was stored in 
the laboratory in two dark plastic tanks of 1500 l containing air bubblers and was left to 
settle overnight prior to the experiments.
Seagrass bed (“Sg”) and mangrove (“Mg”) habitat water was collected on the same day 
as the experiments and stored in the laboratory for one hour prior to the experiments. 
To ensure that the collected water had circulated in the respective habitat as long as 
possible, we collected water during the last hour of outgoing tide. Mangrove water 
was collected at the mouth of the creek, while seagrass bed water was collected at the 
offshore seagrass bed (Figure 1). Reef water (“Rf”) was collected at the reefs of Mbudya 
Island by SCUBA divers, as close as possible to the corals, using buckets that were closed 
underwater before ascending to the surface. Due to logistic constraints, water from the 
reef was collected the afternoon preceding the experiments. 
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To create chemical cues from conspecifics (L. fulviflamma, “Lf”) and heterospecific 
(Siganus sutor, “Ss” and Terapon jarbua, “Tj”) fishes, five individuals of the same size 
as the test fish were kept inside a 10 l bucket containing neutral water from the storage 
tank for one hour prior to the experiments. During the experiments the conspecifics or 
heterospecifics were left inside the supply buckets. Species of heterospecifics were chosen 
that co-occurred in the habitats where L. fulviflamma was found (Kruitwagen et al. 2010).
To create chemical cues for the different species of seagrass (Halophila ovalis, Syringodium 
isoetifolium, Thalassia hemprichii and Thalassodendron ciliatum – “Ho”, “Si”, “Tc”, and 
“Th”, respectively), 65 g of seagrass leaves from each species with attached epiphytes 
and part of the stem were soaked inside a 10 l bucket containing neutral water from 
the storage tank for one hour prior to the experiments. After one hour, this water was 
transferred to the buckets that supplied cue water to the aquaria. 
Experimental protocol
Water temperature and salinity were measured both in the field and in the lab during the 
course of the experiments using a HACH sensION156 meter. No significant difference 
was found between lab and field values for salinity or temperature for any of the habitats 
tested (Table 1). 
Prior to each experiment, all compartments of the aquarium were filled with neutral 
seawater from the storage tanks to a height of 20 cm and dry beach sand was used as a 
substratum. The aquarium used to test chemical and visual cues at the same time (Figure 
2c) was filled with seawater to just below the top so that fish could see the compartments 
with habitat structures. The inflow of cue water into the side compartments of all 
experiments and aquarium designs started 3 min before we introduced the fish in the 
test aquarium to build up the cue concentration.
Table 1: Mean values (SE) of water temperature and salinity measured in the laboratory 
and field during the course of the experiments. Values withing brackets indicate the 
number of replicates. Differences were tested with a t–test.
Temperature (°C)
Habitats
Reef Seagrass Mangrove
Lab 27.7 ± 0.3 (14) 27.6 ± 0.2 (53) 27.6 ± 0.3 (23)
Field 27.4 ± 0.3 (15) 27.5 ± 0.2 (32) 27.3 ± 0.2 (30)
P-value 0.421 0.774 0.240
Salinity (‰)
Lab 33.6 ± 0.2 (14) 33.2 ± 0.1 (53) 33.6 ± 0.3 (23)
Field 33.1 ± 0.5 (15) 33.8 ± 0.2 (32) 33.2 ± 0.1 (30)
P–value 0.549 0.164 0.131 
A single test fish was carefully introduced into the middle compartment using a small 
plastic can filled with seawater, and allowed to acclimatize for 2 min; thereafter, the time 
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the fish spent in each area of the central compartment was recorded. For the dual-choice 
aquarium this was the left, right or middle part of the central compartment, whereas 
for the multiple choice aquarium this was within 10 cm of any of the four glass plates 
through which cues were released (Figure 2). The observer was positioned at the middle 
part of the central compartment, approx. 50 cm away from the long side of the aquarium 
and refrained from any movement during the observation period. Each experiment 
lasted 15 min. To counteract a potential effect of differential light distribution and any 
other unforeseeable effects in the laboratory, the dual choice aquarium was turned 1800 
and the square aquarium was turned 900 after every three replicates, while the choice 
of cue inflow was switched sides in the dual-choice aquarium after each replicate and 
randomly re-assigned to the four side compartments in the square aquarium after 
each replicate. After each experiment with a single fish, the aquarium was emptied and 
carefully cleaned inside with ethanol and left to dry prior to the next replicate, so as to 
avoid introducing chemical cues from the previous conspecifics or water type.
Experiments performed
As illustrated in (Figure 3), we first performed control experiments to test the effects 
of aquarium-sides and water-flow in the dual-choice aquarium. For the former, non-
flowing neutral water was present in all three compartments, while for the latter neutral 
water flowed from both side compartments into the central compartment.
 In the first cue experiment, we first established to which chemical habitat cues fish 
were attracted using the dual-choice aquarium. Combinations of coral reef, mangrove, 
and seagrass habitat water collected in situ were offered. As fish preferred seagrass 
habitat water we continued with an experiment to determine the importance of isolated 
chemical cues that are normally mixed in natural seagrass habitat water.
In the second experiment, we offered cue water vs. neutral water in a dual-choice 
aquarium to test which cue would evoke a response from the fishes. Tested cues were 
that of conspecifics, two heterospecific fish species (Siganus sutor, Terapon jarbua), 
and one species of seagrass vegetation (Thalassia hemprichii). Both conspecifics and 
heterospecifics were collected on the same day of the experiments and they had no 
contact with tested fishes. As multiple species of seagrass are found in seagrass beds, 
we additionally tested the flexibility in attraction to seagrass by simultaneously offering 
cues from four different species of seagrass (Halophila ovalis, Syringodium isoetifolium, 
Thalassia hemprichii and Thalassodendron ciliatum) in the multiple-choice aquarium.
In the third experiment we tested whether fish still responded to the individually tested 
cues when they were offered in a mixture with preferred habitat water (i.e., seagrass 
habitat water). The rationale behind this was that fish may respond to a specific cue in 
isolation as no other choice is available at that time, but when this cue is mixed with 
preferred habitat water containing other relevant cues as well, the importance of that 
cue may be lost. For this purpose, preferred habitat water vs. a mixture of preferred 
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habitat water and a single cue (i.e., that of conspecifics, the heterospecific fish S. sutor, or 
seagrass leaves) was offered in the dual-choice aquarium.
In the fourth experiment, we tested the effect of conflicting cues in the two dual-choice 
aquaria. First we offered conflicting chemical cues: a mixture of preferred conspecific 
cues and non-preferred mangrove habitat vs. a mixture of non-preferred heterospecific 
cues and preferred seagrass habitat. As a control, we also offered non-conflicting chemical 
cues in a similar set-up: a mixture of preferred conspecific and preferred seagrass habitat 
cues vs. a mixture of non-preferred heterospecific and preferred seagrass habitat cues. 
We then tested the fish choice behavior when the two most preferred isolated chemical 
cues were offered at the same time: seagrass leaves vs. conspecifics. To this end we soaked 
(1 hr) fish and seagrass to create different cue strengths: we offered the test fish neutral 
water in which 65 g of seagrass leaves vs. ~80 g of conspecifics (5 individuals) had been 
soaked, as well as neutral water in which 65 g of seagrass leaves vs. ~230 g of conspecifics 
(15 individuals) had been soaked. Finally, we tested the effect of conflicting visual and 
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Figure 3:  Flow chart for the experiment performed, numbers (1–5) indicates the order 
of experimental stages
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chemical cues by offering in the adjusted dual-choice aquaria a choice between non-
preferred visual habitat cues (mangrove roots) vs. preferred chemical habitat cues 
(seagrass), as well as a choice between preferred visual habitat cues (seagrass leaves) vs. 
preferred chemical cues (conspecifics held in seagrass habitat water), based on the fact 
that visual cues mostly override chemical cues when present at the same time (Ward & 
Mehner 2010). For these experiments, one side of the aquarium provided a visual cue 
(either 10 T. hemprichii seagrass plants or 15 Sonneratia alba mangrove roots in the glass 
box) but no chemical cue (only flowing neutral water), whereas the other side provided 
no visual cue (empty glass box) but a chemical cue (either seagrass habitat water alone or 
conspecifics soaked in seagrass habitat water).
Statistical analysis
Statistical tests were performed with SPSS version 16.0 for Windows (SPSS Inc., 2007). 
For each experiment, the percent time spent at each cue was first calculated (based on 
a total of 15 min.). The middle part of the aquarium represented lack of attraction to 
either of the two simultaneous cues offered and was therefore not incorporated into 
the statistical tests (Tolimieri et al. 2004). Time spent at each cue and in the middle 
compartment always totaled 100%. Normality of the data was confirmed with a 
Shapiro-Wilk test and homogeneity of variances was confirmed with a Levene’s test. 
To test for significant differences within experiments, paired samples t–tests for dual-
choice experiments (Peterson & Renaud 1989) or repeated-measures ANOVA (multiple-
choice experiments) were performed. For the repeated-measures ANOVA, a Mauchly’s 
test was used to determine if the variances between groups were equal. In cases where 
this assumption was not met a Greenhouse–Geisser correction was used to produce a 
valid F–ratio. Bonferroni post–hoc pairwise comparisons were used to further detect 
differences between groups. To test for differences among independent experiments, a 
Student’s t–test (two comparisons) or a one-way ANOVA (multiple comparisons) was 
used. For all tests, the statistical significance level was set at P = 0.05.
Results
Control experiments
The control experiments showed that fish had no side preference for the test aquarium 
when no cues were offered in either non–flowing or in flowing water, but in the latter 
case fish were more attracted to the two sides of the aquarium from which water flowed 
(Supplementary Figure 1). Test fish spent significantly less time in the middle part of 
the central compartment of the aquarium when there was water flow from the sides as 
opposed to no water flow (i.e., 43 ± 7.3% vs. 62 ± 3.2% [Mean ± SE], respectively; t-test, 
t(-3.150), df(19) and P = 0.006).
Experiment 1: Do fish discriminate among different habitat water cues?
The test fish were clearly able to distinguish among different habitat water types and 
showed a significant preference for water from seagrass beds over that from mangroves 
and reef, respectively (Figure 4). For consecutive experiments, seagrass habitat water was 
therefore used as a preferred habitat. Fishes further preferred water from the reef over that 
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from the mangroves. The percentage time spent in the middle part of the compartment 
was low (14–19%) and did not differ among experiments (one-way ANOVA, df(2), 
F(0.417) and P = 0.662). Furthermore, for the seagrass–mangrove experiment 12 of the 
test fish spent more than 50% of the observation time at the seagrass cue side compared 
to 3 that spent more than 50% of their time at the mangrove cue side. Likewise, 17 vs. 5 
and 13 vs. 8 spent more than 50% of their time at the respective aquarium sides for the 
reef–mangrove and seagrass–reef experiments, respectively.
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Figure 4: Mean percentage (± SE) of time fish spent at each side of the dual-choice 
aquarium supplied with two types of water: Mg = mangrove, Sg = seagrass and Rf = reef 
habitat water collected in situ. P–values show results of paired t-tests and n = number of 
replicates. 
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Experiment 2: Do fish respond to potentially reliable cues in isolation?
Test fish were significantly attracted to chemical cues from conspecifics, two heterospecific 
fish species, as well as seagrass vegetation when offered in isolation (Figure 5a-d). The 
degree of attraction to these isolated cues was similar (one-way ANOVA, df(3), F(2.332) 
and P = 0.083) and fish spent 47–58 % of their time at the aquarium side where a cue was 
offered. Percentage of time spent in the middle part of the compartment was low (18–
28%) and did not differ among the four experiments (one-way ANOVA, df(3), F(1.440) 
and P = 0.240). Furthermore, test fish were equally attracted to chemical cues from 
different seagrass species (Figure 5e).
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Figure 5:  Mean percentage (± SE) of time fish spent at each side of the dual-choice 
aquarium (a–d) when offered water with a cue at one side and neutral water at the opposite 
side. Chemical cues offered in the water were: Lf = conspecifics (L. fulviflamma), Ss = 
heterospecifics (Siganus sutor), Tj = heterospecifics (Terapon jarbua), and Th = seagrass 
vegetation (T. hemprichii), whereas Neutral = control water from the storage tank. 
P-values show results of paired t-tests and n = number of replicates. (e) Mean percentage 
(± SE) of time fish spent at each corner of the multiple-choice aquarium supplied with 
cues from four different seagrass species: Si = Syringodium isoetifolium, Th = Thalassia 
hemprichii, Tc = Thalassodendron ciliatum, Ho = Halophila ovalis. Same letter above 
error bars indicate no statistically significant differences (repeated measure ANOVA, 
F(0.672), df(3,32) and P = 0.570). 
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Experiment 3: Do fish still respond to preferred cues when mixed with 
natural habitat water?
Test fish still showed a significant attraction to chemical cues from conspecifics and 
from seagrass vegetation when these were mixed with seagrass habitat water that 
naturally contains an aroma of chemical cues (Figure 6a, c), but this was not the case for 
a mixture of seagrass habitat water and cues from a heterospecific fish species (Figure 
6b). Percentage of time spent in the middle part of the compartment was low (15–33%), 
but differed among the three experiments (one–way ANOVA, df(2), F(7.305) and P 
= 0.001) with time spent in the middle being higher for the experiment in Figure 6a 
(Bonferroni post–hoc test, P < 0.001). 
Experiment 4: How do fish cope with conflicting cues?
Test fish did not show a significant difference in choice when conflicting cues were offered 
at both sides of the aquarium, viz. a mixture of chemical cues from preferred conspecifics 
and non-preferred mangrove habitat vs. a mixture of cues from preferred seagrass bed 
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Figure 6:  Mean percentage (± SE) of time fish spent at each side of the dual-choice 
aquarium when offered different cues at both sides. (a) Lf + Mg = mangrove habitat water 
in which conspecifics (L. fulviflamma) had been kept vs. Ss + Sg = seagrass bed water in 
which heterospecifics (Siganus sutor) had been kept; (b) Lf + Sg = seagrass habitat water 
in which conspecifics had been kept vs. Ss + Sg = as in (a); (c) Neutral water in which 65 g 
of seagrass leaves had been soaked vs. neutral water in which 5 conspecifics (~ 80 g) had 
been kept; (d) Neutral water in which 65 g of seagrass leaves had been soaked vs. neutral 
water in which 15 conspecifics had been kept (~ 230 g). P-values show results of paired 
t-tests and n = number of replicates.
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habitat and non-preferred heterospecifics (Figure 7a). Removal of one of the conflicting 
cues (i.e., mangrove habitat water) from the above experiment resulted in a significantly 
higher attraction to chemical cues from conspecifics over heterospecifics when mixed in 
seagrass habitat water (Figure 7b). When the two preferred chemical cues (conspecifics 
and seagrass) were offered at the same time, test fish showed a significantly higher 
preference for cues from seagrass leaves (Figure 7c). This preference was persistent, even 
when a 3.5 times higher weight of conspecifics vs. seagrass leaves was soaked and offered 
(Figure 7d). Finally, fish showed an equal attraction to visual cues from non-preferred 
mangrove roots and chemical cues from preferred seagrass habitat water (Figure 8a), but 
were significantly more attracted to visual seagrass cues than chemical seagrass cues 
even though the latter also contained chemical cues from conspecifics (Figure 8b).
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Figure 7:  Mean percentage (± SE) of time fish spent at each side of the dual-choice 
aquarium when offered seagrass habitat water (Sg) at one side, and seagrass habitat water 
with an additional chemical cue from either conspecifics, heterospecifics, or seagrass 
vegetation at the other side of the aquarium. Chemical cues offered were: (a) Lf + Sg = 
seagrass habitat water in which conspecifics (L. fulviflamma) had been kept; (b) Ss + Sg 
= seagrass habitat water in which heterospecifics (Siganus sutor) had been kept; (c) Th 
+ Sg = seagrass habitat water in which seagrass leaves (Thalassia hemprichii) had been 
soaked. P-values show results of paired t-tests and n = number of replicates. 
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Discussion
The present study shows that fish are clearly able to distinguish between chemical cues of 
various types of aquatic plants and animals during their early life stage. Fishes preferred 
mixed water bodies from seagrass beds over that from coral reefs and mangroves, 
which equates their distribution across coastal settlement habitats (Kimirei et al. 2011). 
Furthermore, juvenile L. fulviflamma are also visually more attracted to seagrass leaves 
than to mangrove roots or corals (Igulu et al. 2011). Given the strong olfactory preference 
for water from seagrass beds we conclude that larvae and recent settlers of coral reef 
fish species that live in seagrass habitats before moving to the reef are likely to possess 
adaptive behavior enabling them to identify specific chemical cues emanated by vegetated 
habitats that can be used for orientation towards these habitats. This behavior could 
serve as a mechanism to maximize successful settlement or recruitment to preferred 
habitat (Kingsford et al. 2002). It has been shown that seagrass beds have lower predation 
risk compared to coral reefs (Grol et al. 2011, Kimirei et al. 2013). Adaptive behavior 
that leads to successful orientation and recruitment to seagrass beds can thus ultimately 
lead to increased survival, which is critical for population maintenance. However, 
localizing and navigating towards isolated inshore habitats such as seagrass beds that 
are located beyond the reef might increase the short-term mortality risk associated with 
an increased search time while residing in the open water column (Zollner & Lima 
2005). Nevertheless, at the population level such a trade-off between search time and 
a long-term increase in fitness might be a beneficial strategy as mortality rate is higher 
at this stage. The results further show presence of a behavioral trait that enables fishes 
to successfully locate inshore coastal habitats under different scenarios and provides a 
Chem Sg Vis Mg
10
20
30
40 40
50
60
Ti
m
e 
(%
)
10
20
30
50
60
Chem Lf+Sg Vis Sg
b)  p = 0.012, n = 31a)  p = 0.727, n = 27
 
Figure 8:  Mean percentage (± SE) of time fish spent at each side of the adjusted dual-
choice aquarium when offered a chemical cue at one side and a visual cue at the other 
side of the aquarium. (a) Vis Mg = visual cue from mangrove roots (Sonneratia alba) 
vs. Chem Sg = chemical cue from seagrass habitat water; (b) Vis Sg = visual cue from 
seagrass vegetation (Thalassia hemprichii) vs. Chem Lf + Sg = chemical cues from 
seagrass habitat water in which conspecifics (L. fulviflamma) had been kept. P-values 
show results of paired t-tests and n = number of replicates
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certain degree of insurance against misjudgment of habitat quality that could result in 
population declines (Weldon & Haddad 2005).
While it is known that some fishes are attracted to the smell of mixed water bodies from 
seagrass habitats (Arvedlund & Takemura 2006, Huijbers et al. 2012), studies typically 
did not evaluate which potential cues of animals or plants living in seagrass ecosystems 
could be responsible for this. The mechanisms to achieve successful orientation to early 
life-stage habitats are still poorly understood, especially for fishes that recruit to non-reef 
environments. The present study is one of the first to show that multiple biotic cues of 
preferred recruitment habitat elicit a response, but that the response is strongly context-
dependent. When offered in isolation, fish showed a positive response to three different 
and relatively reliable chemical cues that are usually found mixed within natural 
seagrass habitat water: (1) conspecific cues, which could indicate suitable living areas 
where individuals of the same species have survived (Sweatman 1988, Lecchini et al. 
2007, Igulu et al. 2011), but also serves as a cue to locate own species to school with to 
reduce predation risk from other species (Huijbers et al. 2011), (2) heterospecific cues, 
which indicate potentially suitable living areas where juveniles of other fish species have 
survived (Igulu et al. 2011), and (3) seagrass leaf cues, which indicate nearby presence of 
suitable vegetated habitats that provide shelter (Arvedlund & Takemura 2006). Fish were 
still attracted to two of these preferred chemical cues (conspecifics and seagrass leaves) 
when they were offered in a mixture with natural seagrass habitat water, showing that 
these cues provided additional information compared to the mixed aroma of seagrass 
habitat water alone. 
Essential information gained from conspecific and seagrass leaf cues include habitat 
suitability, as strong chemical cues of conspecifics in seagrass habitat water indicate 
presence of nearby seagrass habitat harboring significant numbers of successfully-settled 
fish, and include directional information, as an increasing concentration of seagrass 
vegetation cues provides a mechanism to navigate while swimming in a turbulent 
environment (Finelli et al. 1999). Both types of information are important, as settling 
in a habitat that has proven to be suitable for other fish or quickly locating a settlement 
habitat (i.e., with shorter search time and thus lower predation risk while moving in the 
open water column) are important determinants for survival. In this light, the observed 
lack of an additive effect of heterospecific cues mixed with seagrass habitat water may 
be explained by the fact that heterospecific cues likely do not provide any beneficial 
information about habitat suitability. 
Conspecific chemical cues seem relevant to tropical marine fishes independent of the 
first benthic habitat that they occupy. While a few studies have reported the use of 
chemical cues from conspecifics for settling fish larvae, the main focus has been on 
juvenile fish that settle directly onto coral reefs. For example, larvae of damselfish, 
Dascyllus aruanus, settled on coral with chemical cues from resident adult conspecifics, 
while heterospecifics avoided settling on coral heads with chemical cues from adult 
D. aruanus (Sweatman 1988). This evidence points to the active selection of chemical 
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cues from conspecifics which can aid in locating other fish to reduce predation risk. 
Likewise, larvae of other damselfish species, Chromis viridis, responded positively to 
conspecific chemical cues in coral reefs over those in reefs unoccupied by conspecifics 
species (Lecchini et al. 2005). Studies have shown that marine fish larvae are attracted to 
specific organic compounds produced by conspecifics (Lecchini et al. 2005), such as fatty 
acids, amino acids, carbohydrates, simple proteins, glycoproteins, and phospholipids 
(see review by Hara 1975). Amino acids are especially attractive olfactory stimuli and 
may play an important role in chemical signalling (Hara 1973, Shoji et al. 2003). The 
importance of conspecific chemical cues is underpinned by the results of the present 
study as they seem to play a role in vegetated low-risk habitats as well.
In the present study, the identity of seagrass vegetation did not play a role at all in their 
attractiveness to fishes. Studies have suggested that chemical compounds produced 
by aquatic vegetation include tannins and phenolic substances, and can act as chemo-
attractants to settling recruits (Arnold & Targett 2002). Fish did not show a significant 
preference for the chemical cues of a particular seagrass species. Instead, they were 
equally attracted to chemical cues from all types of seagrass vegetation offered, as on 
average fish spent 76% of their time at a side-compartment containing seagrass cues and 
only 24% in the central part of the aquarium. This finding suggests that settling fish are 
not confined to the odor of a specific species of seagrass, which is an important finding 
as it shows flexibility in choice behavior related to locating settlement habitats. Relying 
on cues of a single seagrass species would reduce survival chances in cases where a 
habitat harboring preferred seagrass species is absent or difficult to locate (Jenkins & 
Sutherland 1997). 
Various chemical cues probably play a different role at different spatial scales. Water 
plumes containing chemical cues from lagoon habitats can be transported over long 
distances offshore by wind and ocean currents (Booth et al. 2000, Atema et al. 2002). In 
the absence of visual habitat cues at larger distances offshore, a preference for seagrass 
habitat water over coral reef or mangrove habitat water can act as a coarse, but reliable 
cue for offshore pelagic larvae to navigate towards coastal habitats from the open ocean. 
Based on experiments using auditory, olfactory and visual cues, Huijbers et al. (2012) 
proposed that larvae of fishes which are associated with mangroves/seagrass as juveniles 
use reef sounds for long-distance navigation from the open ocean towards coastal reefs, 
switch to olfactory cues closer to shore, and then use visual cues when settling to the 
benthos. Based on our findings we suggest that when pelagic larvae are approaching 
coastal environments, seagrass leaves and resident conspecifics could provide important 
chemical cues at smaller spatial scales that would enable larvae to more accurately 
navigate towards specific profitable areas within lagoons or estuaries during the final 
stage of settlement or directly afterwards. 
Hierarchical effects existed among preferred chemical cues. While chemical cues from 
conspecifics and seagrass vegetation both provide useful information for orientation 
and elicited a strong response when offered in isolation, fishes were more strongly 
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attracted to seagrass-leaf cues than those of conspecifics when both were offered at 
the same time. This preference remained even when the concentration of conspecific 
cues was increased by soaking a 3.5-fold higher biomass of conspecifics than seagrass 
vegetation in the experimental water, showing a clear hierarchy between two attractive 
cues. Chemical cues from seagrass leaves are likely more reliable as seagrass vegetation 
persists throughout the year in tropical areas, while conspecifics may not always be 
present within this habitat. Alternatively, the need to find suitable habitat may have 
priority over investigation of conspecific odors. This preference for seagrass cues might 
reflect innate behavior that has been genetically selected for through higher survival 
rates of fish with this trait, and could be a similar mechanism as that of, for example, reef 
fish that may use chemical cues from terrestrial forest vegetation to navigate towards 
coastal environments (Dixson et al. 2008). Preferential selection for this trait could 
result from higher survival chances of fish that locate and settle in seagrass habitat (Grol 
et al. 2011) irrespective of the presence of conspecifics, compared to those that are more 
attracted to conspecifics irrespective of seagrass presence. 
The fact that seagrass water (when mixed with heterospecific cues) was not preferred 
over conspecific cues (when mixed with mangrove habitat water) also shows that 
choice preference is context dependent, for example when conflicting cues are present. 
Replacing the non-preferred mangrove habitat cues with seagrass-habitat cues solved 
this dilemma and fish were more attracted to a mixture of two preferred cues (seagrass 
habitat and conspecifics) than one (seagrass habitat). This directly ties in to the observed 
fish response for two different sensory modalities. While visual cues mostly overrule 
olfactory cues at smaller spatial scales (Ward & Mehner 2010), fishes showed equal 
preference for visual cues of mangrove roots as for chemical cues of seagrass habitat 
water. This provided a conflicting situation where a choice needs to be made between 
immediate availability of shelter, but from a habitat other than the preferred settlement 
habitat (Igulu et al. 2011), versus chemical cues from the preferred settlement habitat 
which may or may not guide them successfully to that habitat. The common overruling 
effect of visual over olfactory cues only became evident when fishes were offered visual 
cues of preferred seagrass settlement habitat versus chemical cues from a mixture of 
preferred seagrass habitat and conspecifics and favored the former. While a continued 
search for superior habitat (i.e., one providing seagrass structure as well as conspecifics) 
could increase fitness, it may also decrease immediate survival due to increased search 
time and associated predation risk (Toonen & Tyre 2007). Hence, during the early life 
stages when mortality risk is extremely high and there is only a short time span to 
make decisions related to choice of first benthic habitat, there seems to be a trade-off 
where direct visual presence of structure from preferred settlement habitat but lacking 
conspecifics to provide safety in numbers is preferred over chemical cues that can only 
potentially guide fish to preferred habitat already successfully occupied by conspecifics. 
Finally, while not tested here, food items may also provide essential olfactory and visual 
cues that aid in the selection of settlement habitat. Early juveniles of L. fulviflamma are 
55
Orientation from open water 
known to be plankton feeders and settling in areas with high zooplankton densities 
would be beneficial as well.
In the present study we used recently-settled fish as we were unable to collect larvae 
from the open ocean. We sampled the same tidal pool on a daily basis and therefore 
were able to collect fish that had settled in the tidal pool during the previous afternoon/
night. Although fish may potentially not be considered naïve once they have settled, 
it is unlikely that fish lose their attraction to preferred chemical cues directly after 
settlement. Various studies have used recent settlers where larvae were not available 
(Dixson et al. 2008, Huijbers et al. 2008) and have shown that recently-settled fish 
showed the same cue preference even if they had been collected from different settlement 
habitats (Grol et al. 2011, Huijbers et al. 2011). One study even showed that habitat 
preference (for mangrove) persisted up to the adult stage for any size of settled fish 
collected from reef, seagrass, or rubble habitat (Huijbers et al. 2011). We are therefore 
confident that the choice behavior of the fishes tested in the present study represents a 
true response of settlement-stage fishes.
Conclusions
The present study demonstrates that fishes are attracted to multiple biotic cues 
associated with their settlement habitat during their early life stage. Chemical cues from 
seagrass leaves as well as those from conspecifics are likely to play an important role 
in the orientation towards profitable habitat during or directly after settlement. Both 
cues can be used independently, while the preference for seagrass vegetation species is 
indiscriminative. This shows that settlers do not rely on a single source of information, 
although the specific response to each of these cues is context-dependent and 
hierarchically structured. Likewise, visual cues only overruled chemical cues when they 
provided information about preferred habitats. The multimodality in choice behavior 
and flexibility in cue use are a good adaptive strategy to increase successful orientation 
towards difficult-to-target early life-stage habitats that provide benefits in terms of 
increased survival and fitness. The apparent importance of seagrass chemical cues for 
successful establishment of some reef fishes argues for the conservation of seagrass 
ecosystems and their water quality, especially in the light of their rapidly decreasing 
surface areas worldwide (Waycott et al. 2009).
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Supplementary Table 1: Statistical summary results for all figures
Figure Test Parameter DF p-value
4a
Paired sample 
T-Test
t (2.484) 34 0.018
4b t (2.686) 22 0.007
4c t (2.260) 34 0.030
5a t (2.614) 20 0.016
5b t (5.587) 23 0.001
5c t (2.963) 7 0.025
5d t (8.677) 13 0.001
5e Repeated Measure ANOVA F(0.672) 3/32 0.570
6a
Paired sample 
T-Test
t (2.490) 33 0.018
6b t (-0.229) 34 0.820
6c t (2.553) 23 0.018
7a t (-1.198) 34 0.239
7b t (3.212) 34 0.003
7c t (3.212) 18 0.013
7d t (2.553) 14 0.030
8a t (-0.352) 26 0.727
8b t (-2.544) 30 0.012
Supplementary 1a t (-0.781) 9 0.453
Supplementary 1b t (-0.825) 9 0.432
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Supplementary Figure 1: Results from control experiments performed in the dual-
choice aquaria showing mean percentage (± SE) of time fish spent at left vs. right sides 
of the aquarium when offered the same cue at both sides. (a) Both side-compartments 
held non-flowing neutral water without any cues, (b) Neutral water without cues 
flowed from both side-compartment to the main compartment. P-values show results 
of paired t-tests and n = number of replicates.
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Abstract
Coastal ecosystems are energetically connected through passive transport of nutrients, 
but also by migrations of motile organisms. Mangroves are highly productive tropical 
ecosystems that replenish offshore populations of many species, but we know little about 
the degree to which this production is fuelled by prey from mangroves, especially in 
the case where mangroves are only accessible at high tide. Different results have been 
obtained on the importance of mangroves as feeding habitats, confounded by differences 
in species composition, seascape configuration, and methodology. In the present study 
we took a more holistic approach by exploring reliance by fishes on mangroves as a 
feeding habitat at multiple ecological levels: from individuals to species to communities 
in mangrove ecosystems from across the globe, using a stable isotope approach. A 
two end-member mixing model showed a wide range (12–72%) in degree of reliance 
on mangrove food sources by fishes from different studies across the globe. However, 
analyzed at the levels of individual fish and species, reliance was low (e.g., <25% for 55% 
of the species worldwide, or <50% for 85% of species, respectively) even though they 
were collected from sites that differed in geographical location, tidal regime, seascape 
structure, and species composition. The high fisheries productivity of mangroves appears 
to be energetically supported largely by food sources from adjacent habitats. In light of 
the ongoing rapid demise and fragmentation of mangrove and adjacent ecosystems, loss 
of ecosystem connectivity is likely to affect the productivity and functioning of tropical 
coastal ecosystems and the services they provide.
Keywords: stable isotopes, mangrove, carbon flux, connectivity, seagrass
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Introduction
Ecosystem connectivity is a pervasive feature of ecosystems worldwide that supports 
their biodiversity, productivity and functioning (Polis et al., 1997). Water bodies of many 
freshwater (e.g., van de Wolfshaar et al., 2011; Rypel et al., 2012) and marine (e.g., Heck et 
al., 2008; Granek et al., 2009) ecosystems are intricately linked through active migration 
of animals as well as passive transport of nutrients and particulate organic matter 
facilitated by river flows or tidal exchanges (Cowen et al., 2000; Gibson, 2003). Tropical 
coastal seascapes in particular have received increasing attention from studies with a 
focus on elucidating the underlying mechanisms of ecosystem connectivity (Duarte and 
Cebrian, 1996; Mumby et al., 2004; France and Duffy, 2006; Verweij et al., 2008), as they 
form an ideal model system due to the juxtaposition of highly productive ecosystems 
such as mangrove forests, seagrass beds and coral reefs. Although these systems can 
thrive in isolation, it has commonly been observed that where they occur close to 
one another they subsidize productivity in adjacent systems (Bouillon et al., 2000; 
Bouillon et al., 2008), show higher species richness at their interfaces (Nagelkerken et al., 
2001; Dorenbosch et al., 2005), and show strong ecological linkages through tidal and 
diurnal migration by decapods and fish (Meyer and Schultz, 1985; Sheaves and Molony, 
2000; Dorenbosch et al., 2004).The interplay of tidal flow speed, hydrology of the system, 
the spatial and temporal distribution of predators and prey, the presence of aquatic 
vegetation, and difference in fish body size and fish species, amongst other things, result 
in a highly complex degree of connectedness among coastal habitats (Nagelkerken, 2009).
Mangrove forests are one of the world’s most productive ecosystems (Costanza et al., 1997), 
and are typified by high densities of motile fauna (Robertson and Duke, 1987; Nagelkerken, 
2007). Offshore fisheries and fish stocks have been correlated to the presence and extent 
of shoreline mangrove forests (Manson et al., 2005; Meynecke et al., 2008). Before the 
availability of advanced techniques to trace pathways of carbon flow through marine 
food-webs, it was proposed that mangrove leaf detritus and particulate organic matter 
were responsible for subsidizing coastal food webs, a concept that has been referred 
to as ‘mangrove outwelling’ (Lee, 1995). The current consensus, however, is that the 
contribution of mangrove leaves as a source of nutrition for marine organisms from 
adjacent subtidal habitats is relatively low (Sheaves and Molony, 2000; Kieckbusch et al., 
2004; Lin et al., 2007). Recent stable isotope studies have shown that the dependence on 
carbon from primary producers such as phytoplankton, microphytobenthos, macroalgae 
and epiphytes is much larger than previously thought (Bouillon et al., 2008; Nagelkerken 
et al., 2008). While the relatively small role of mangrove detritus as a carbon source for 
most fauna is generally accepted, we know little about the degree to which mangroves 
energetically support resident and adjacent food webs at higher trophic levels through 
secondary production of prey items. Studies have shown that mangrove carbon can 
indirectly enter food webs through predators visiting mangroves at high tide to feed 
on crabs that primarily depend on mangrove leaves for their nutrition, a process 
that has been referred to as a ‘short-circuit in the mangrove food chain’ (Sheaves and 
Molony, 2000). 
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Tidal and diurnal migrations by motile fauna are ubiquitous in coastal ecosystems, and 
include entering as well as exiting inshore habitats during different times of the day or at 
different tidal amplitudes (Boström et al., 2011). Tidal and diurnal inter-habitat migrations 
in mangroves occur daily and are highly structured in time and space (Krumme, 2004; 
Verweij and Nagelkerken, 2007). They are thought to be driven by changes in feeding 
opportunities or temporal changes in predation risk related to time of day or tidal stage 
(Laegdsgaard and Johnson, 2001; Verweij et al., 2006a; Hammerschlag et al., 2010). In 
general, fringe mangroves can be separated into those that are permanently inundated 
with continuous access to motile animals and those that are only available at high tide. 
Whereas in micro-tidal areas permanently inundated mangroves seem to function 
mainly as shelter habitat (Verweij et al., 2006b), studies suggest that in macro-tidal areas 
where mangroves are drained during low tides they serve as feeding habitats during high 
tides (Krumme et al., 2008). There has been an ongoing debate as to whether motile fauna 
use high-intertidal habitats such as mangroves for feeding as opposed to refuge habitat 
(Laegdsgaard and Johnson, 2001; Lugendo et al., 2007). Different studies have found very 
different degrees of dependencies of motile fauna on mangrove-associated prey items 
(Nagelkerken and van der Velde, 2004a). Confounding factors that have contributed 
to disparate results include: (1) terminology: different mangrove microhabitats have all 
been referred to as ‘mangroves’, (2) tidal regime: studies have been done in areas with 
widely differing tidal amplitudes, (3) species selection: different outcomes are observed 
for species with a different ecology, (4) spatio–temporal variability: fish occurrences and 
abundance may greatly vary in space and time, and (5) methodology: techniques were 
used that do not unambiguously show that mangrove food sources are ingested and/or 
assimilated. For example, the migration by fishes into the mangrove root habitat at high 
tide does not necessarily mean that they also feed there (Krumme et al., 2008), whereas 
studies which show that fish leave the mangroves at ebbing tides with full stomachs (e.g., 
Sheaves and Molony, 2000; Krumme et al., 2008) cannot quantify to what degree these 
mangrove food items are (a) assimilated (Michener and Shell, 1994), or (b) contribute 
to the overall diet, as some soft-body prey items are quickly assimilated and therefore 
rarely found in the stomach (Gee, 1989) or feeding takes place in additional adjacent 
habitats (Lugendo et al., 2007; Kruitwagen et al., 2010). Stable isotope analysis provides 
a more reliable technique in these cases to establish the main sources of food (Dittmar 
et al., 2009).
Understanding the complex ecological interactions among ecosystems that support their 
productivity is of critical importance for their management and conservation. Intertidal 
tropical ecosystems that harbor high species diversity and show great variability in 
seascape structure and geomorphology are particularly difficult to study. Yet there is 
an urgent need to better understand the processes that sustain the important role that 
they play in replenishing offshore populations and regulating population dynamics of 
a variety of species, especially in the light of their rapid and continuing demise (Duke 
et al., 2007; Waycott et al., 2009). In the present study we took a more holistic approach 
than previously done by focusing on multiple fish species, at multiple ecological levels 
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(individuals, species, communities) from multiple regions across the globe to come to a 
broader view of how ecological connectivity affects energy flow in complex seascapes. 
We use mangroves as a model ecosystem as they are known for their high densities of 
motile fauna (shrimp, crabs, fish; see Fig. 1c) and for their high subsidy of new recruits 
to animal populations in adjacent marine ecosystems. We analyzed stable isotope 
ratios of fish tissue and stomach contents, and of potential food sources collected 
from mangroves and adjacent seagrass beds to examine the reliance on mangroves 
as a feeding habitat by intertidal fishes. Furthermore, we searched the literature for 
comparable studies in permanently inundated as well as intertidal mangroves that used 
a stable isotope approach. The end product is a global overview of the potential role 
that mangrove habitats play as a feeding habitat for fish. This not only provides us with 
a better understanding of the complexity and functioning of coastal food webs by fish 
that connect multiple habitats by their daily movements, but also sheds a light on the 
potential underlying mechanisms that lead to differences in trophic connectivity across 
habitats, with consequences for fishes, fisheries, and ecosystem functioning.
Materials and methods
Study area
The collection of fishes was carried out between February 2007 and March 2010 at 
Kunduchi (mainland Tanzania, 6.6748oS 39.2185oE) and at the islands of Semama and 
Panjang (East Kalimantan–Indonesia, 2.1440oN  118.3339oE and 2.3785oN 118.2025oE, 
respectively). 
The Kunduchi creek harbors mangrove forests with an estimated total surface area of 68.7 
ha (Wang et al., 2003). The creek has a narrow entrance to the ocean of approximately 
300 m wide, and is 2.2 km long from entrance to the origin (Fig. 1). The area has an 
average tidal difference of 3.5 m, and during low tide (spring and neap) the mangrove 
area is completely drained (see Fig. 4a). Besides rainwater, the Kunduchi creek has no 
freshwater input. The creek is fringed by the mangrove Sonneratia alba which has upright 
roots. Off the Kunduchi coast (about 600 m) lays an extensive seagrass bed extending 
from the spring low water mark to a depth of about 5 m further offshore. Thalassia 
hemprichii and Thalassodendron ciliatum are the dominant seagrass species.
Semama and Panjang are two small coral reef islets off the coast of East Kalimantan, 
Borneo (Indonesia). The western shoreline of Panjang is lined with a narrow (approx. 
4 m wide) fringe of mangroves. Adjacent to the mangroves there is a slowly sloping 
intertidal sand flat of approx. 1 km wide that harbors patches of seagrass vegetation. The 
sand flat ends at a deep (> 9 m depth) tidal channel which hydrologically connects the 
sand flat to the adjacent open ocean. The narrow fringe of intertidal mangroves along 
the western coastline of Semama is followed by a shallow intertidal sand flat of approx. 
300–600 m wide and with patches of low seagrass cover (< 25%), ending in a drop off 
zone where a fringing reef is located. As the intertidal flats at both islands harbor only 
low coverage of seagrass they are hereafter referred to as sand flats. The mangroves at 
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both islands fall completely dry at low tide. The average tidal amplitude is ~1.5 m (spring 
tide 2.7 m).
Figure 1: Location of collection sites of fishes and their prey items in Tanzania and 
Indonesia (a, b) and study locations for data obtained from the literature (c). Mg = 
mangroves, Sg = seagrass beds. We searched Thomson Reuters’Web of Science (Topic 
= mangrove and seagrass and fish AND Topic = density or abundance or community) 
for studies that quantified complete fish communities in mangroves and their adjacent 
seagrass beds, complemented by references from Nagelkerken and van der Velde (2002) 
and our own unpublished data. Total fish density in mangroves vs. seagrass is indicated 
by ’+’ (if higher in mangrove), ‘-‘(if lower in mangrove), or ‘=’ (if similar in both habitats). 
References used: Robertson and Duke (1987), Thayer et al., (1987), Blaber et al., (1989), 
Sheridan (1992), Sedberry and Carter (1993), Laegdsgaard and Johnson (1995), Pinto 
and Punchihewa (1996) Nagelkerken and van der Velde (2002), Eggleston et al., (2004), 
Bloomfield and Gillanders (2005), Lugendo et al., (2005), Dorenbosch et al., (2007), 
Aguilar-Perera and Appeldoorn (2008), Shibuno et al., (2008), Unsworth et al., (2009), 
Hylkema et al.,  (submitted); Nagelkerken (unpubl. data).
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Sample collection
Fishes and potential food items were collected at high tide in the mangroves and at low 
tide on the seagrass beds (Tanzania) or sand flats (Indonesia), using a beach seine net 
with a stretched mesh size of 10 mm. We intensively sampled four species (Lutjanus 
fulviflamma, Lethrinus harak, Lethrinus lentjan and Siganus sutor) which occur in both 
mangrove and seagrass beds habitat at the study site in Tanzania. In addition we collected 
other fish species at the three locations (Apogon lateralis, Apogon sp., Carangoides sp., 
Gerres abbreviates, G. oyena, Leiognathus equulus, Sphyraena barracuda and Terapon 
jarbua) that utilize mangrove during high tide. Captured fish were frozen prior to the 
processing. During processing, total length of each fish was measured to the nearest 
millimeter and white muscle tissue and stomach content were collected.
Samples of macro-invertebrates and macroalgae that formed the predominant food 
items for the selected fish species (see Suppl. Table 1) were collected from the mangrove 
roots, sand flats and seagrass beds by scoop nets or were handpicked. Sampling in the 
mangrove was done at low tide to assure that all collected food items were permanently 
associated with the mangrove-root habitat independent of the tides. Sample sizes of 
fishes are presented in Table 1.
Sample preparation and analysis
All samples were analyzed for stable carbon and nitrogen isotope ratios. Stable carbon 
and nitrogen isotopes values of an organism’s tissue reflect assimilation and turnover 
from its diet (Peterson and Fry, 1987; Grey, 2001). Stable isotope signatures of stomach 
contents provide an estimation of the diet of the preceding few hours, while stable isotope 
signatures of muscle tissue provide integrated information of the diet over the course of 
several weeks to months (Hesslein et al., 1993; Guelinckx et al., 2007). Because different 
food items get digested at different rates, stomach contents can provide a biased view of 
the true diet and are therefore less reliable. In the natural environment, carbon stable 
isotope signatures of primary producers show variation due to differential discrimination 
of 13C. These differences are also reflected in their consumers and higher trophic levels. 
Habitats that harbor different types of primary producers often show distinct stable 
carbon isotope signatures (Lugendo et al., 2007; Kristensen et al., 2008; Nyunja et al., 
2009), which is also the case for seagrass and mangrove habitats (Marguillier et al., 1997; 
Nagelkerken and van der Velde, 2004b; Lugendo et al., 2007). Marine organisms that use 
these habitats as feeding grounds can therefore acquire a stable carbon isotope signature 
in their tissue that reflects the various food sources consumed from these habitats 
(Deniro and Epstein, 1981). On average, muscle tissues of consumers are enriched by 
about 0.5‰ for δ13C and 3.4‰ for δ15N, respectively, compared to their food sources 
(Vander Zanden and Rasmussen, 2001; McCutchan et al., 2003). 
Fish muscle tissue was taken from the musculature below the dorsal fin and above the 
lateral line. All samples were oven-dried at 70oC for 48 hours. Dried samples were ground 
to a fine powder using a ball mill (Retsch MM2). Samples were weighed accurately 
in pre–combusted tin containers. Carbon and nitrogen stable isotopes composition 
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were measured with a Carlo Erba NA 1500 elemental analyzer coupled on-line with a 
ThermoFinnigan DeltaPlus mass spectrometer. Carbon and nitrogen isotope ratios are 
expressed in the standard delta notation (δ13C, δ15N) relative to Vienna Pee Dee Belemnite 
and atmospheric nitrogen. Every 12 runs, sucrose (IAEA–CH-6), ammonium sulphate 
(IAEA– N–2), and caffeine were added as a reference standard. Average reproducibility 
based on replicate measurements of standard δ13C and δ15N ranged (1 SD) between 0.15 
and 0.17‰ for δ13C and between 0.13 and 0.21‰ for δ15N.
Literature search
We searched for studies that analyzed stable isotope ratios of fish tissue and prey items from 
mangroves and adjacent sand/seagrass beds. Studies were grouped into two categories: 
intertidal mangrove forests that are completely drained during low tide and secondly, 
mangrove forests that remain inundated during low tide. We used the IsoSource mixing 
model (Phillips et al., 2005) to calculate the degree of dietary dependence on mangrove 
food items for each species considered in each study (see below under statistical and data 
analysis). As stable isotope studies on tropical coastal fishes often do not report stable 
isotope signatures of food items from mangroves as well as from adjacent habitats many 
studies had to be excluded because dietary dependence cannot be calculated based on a 
single source habitat. In total, we were able to use 14 different studies. 
from across the globe (Fig. 1c, Table 2). We excluded all planktivorous, piscivorous and 
detritivorous fish in this analysis (except juvenile Sphyraena barracuda and Carangoides 
sp. which are known to feed on crustaceans (Lugendo et al., 2006) and only focused on 
zoobenthivores and herbivores, as these two feeding guilds consume food sources that 
are permanently associated with the mangrove or sand/seagrass habitats. This contrasts 
fish from other feeding guilds that also consume prey items that are transported across 
habitat borders by tidal movements (e.g. plankton and particulate organic matter), 
making it impossible to determine if these fish feed on these food items in the mangroves 
at high tide or in adjacent habitats at low tide. This exclusion of species did not down-
scale the importance of our conclusions, as almost half of the fish species in mangrove 
estuaries are represented by zoobenthivores alone (Sheaves, 2012), and this number is 
higher for their biomass and density. For intertidal mangroves we excluded shrimps 
and other highly motile potential food sources in the mixing model as described below, 
but they were included for inundated mangroves. We only considered stable isotope 
signatures of fish species with N > 2 collected individuals.
Statistical and data analysis
Statistical tests were performed using SPSS version 17.0 for Windows (SPSS Inc., 2007). 
Normality of the data was checked with a Shapiro–Wilkinson test and homogeneity 
of variances was tested with a Levene’s test. Independent samples t-tests were used to 
statistically test the difference in δ13C and δ15N between fishes belonging to the same 
species collected from mangroves and sand/seagrass beds in Tanzania and Indonesia. 
Differences in stable carbon and nitrogen isotope signatures of potential food sources 
between habitats (for Kunduchi, Semama and Panjang) and between habitats as well 
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as between inundated and drained mangroves (for study sites from around the globe) 
were tested with MANOVA (General Linear Model) followed by a Tukey post–hoc test. 
For testing the differences between habitats for potential food sources, sampling habitat 
and potential food items were treated as fixed factors. For testing differences between 
potential food sources from inundated and drained mangroves, inundation type and 
sampling habitat were treated as fixed factors. Comparable to the food item analysis, 
MANOVA was used to test differences in δ13C and δ15N signatures between fishes from 
different habitats and inundation type for the global comparison, using individual fish 
species and inundation type as dependent variables. Differences in signatures among 
size classes of fish were tested using a 1-way ANOVA, followed by a Tukey post-hoc test. 
For all tests, significance was accepted at a level of p = 0.05. 
The IsoSource mixing model for stable isotopes was used to examine all possible source 
contributions by potential food items from mangroves or sand/seagrass beds to the fish 
diets. Due to large variability in prey selection, as shown by stomach contents of fishes 
from various locations and studies (de Troch et al., 1998; Hajisamae et al., 2003; Nakamura 
et al., 2003; Lugendo et al., 2006), we analyzed overall habitat contribution in terms of 
food provisioning and not contribution per individual food item from a habitat. Mean 
values of potential food items were used as source contributor and a 2% source increment 
and 0.1‰ mass balance tolerance were used as suggested by Phillips and Gregg (2003). 
Only δ13C signatures were entered into the calculation because we were interested in the 
carbon contribution per habitat. All signatures of potential food items were corrected 
for trophic fractionation, calculated per species from individuals for which we had stable 
isotope values of stomach contents as well as muscle tissue. In the cases where we did 
not have both stomach content and muscle tissue signatures to calculate the enrichment 
factor, a common enrichment factor (0.5‰, Deniro and Epstein, 1978) for carbon was 
used. For our own data from Tanzania and Indonesia, source contribution was first 
calculated per individual fish and then averaged for each species. This approach was 
chosen to more objectively determine the source contribution, because using the mean 
value for calculating the source contribution for a species (as done in the majority of the 
published studies) would imply that all individual fish consume the same food items, 
whereas in nature individuals target a variety of food items. For the source contributions 
(Isosource) we used crabs, hermit crabs, polychaetes, isopods, amphipods and mantis 
shrimps for carnivorous/zoobenthivorous fish, and macroalgae for herbivorous fish 
(Supplementary Figs. 1 and 2).
Results
Mangrove feeding at individual and species level
Stomach-content isotope signatures (indicative of short-term 
feeding patterns)
Stable isotope signatures of stomach contents from Lutjanus fulviflamma showed no 
significant differences between fish collected from the mangroves and those from the 
seagrass beds (independent t-tests, δ13C: p = 0.144, but with a difference in δ15N: p = Ta
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0.016). Of 23 and 29 fish collected from mangroves and seagrass beds, only five and six 
individuals, respectively, showed a δ13C stomach content signature that overlapped with 
those of mangrove food sources (Fig. 2a). The IsoSource stable isotope mixing model 
estimated that of the L. fulviflamma individuals caught from both habitats, on average 
37% of their diet was obtained from mangrove food sources. For individuals of the other 
three species collected from seagrass beds (Figs. 2b–d), mixing models calculated the 
contribution of mangrove food items to the diet to be 19% for both Lethrinus harak and 
Lethrinus lentjan and 39% for Siganus sutor, respectively.
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Figure 2: δ15N and δ13C values of stomach contents (a–d) and muscle tissue (e–h) for 
individual fish belonging to the species Lutjanus fulviflamma, Lethrinus harak, Lethrinus 
lentjan and Siganus sutor collected from the mangrove root habitat (filled symbols) and 
the adjacent seagrass beds (open symbols) at Kunduchi. The boxes in 2a-d indicate the 
range of the mean values (see Suppl. Figs. 1a, b) for potential food samples from mangroves 
(left hand boxes) and seagrass (right hand boxes) habitats, while boxes in 2e-h indicate 
the same range in mean values for food items, but adjusted for fractionation between 
prey and consumer. Fractionation was calculated by comparing signatures (δ15N as well 
as δ13C) between muscle tissue and stomach for the same fish, and calculating mean 
enrichment per species (means shown bottom-left of each panel). N = sample size of fish 
analyzed.
77
Mangrove fish production
Muscle-tissue isotope signatures (indicative of long-term feeding patterns)
δ13C and δ15N signatures of fish muscle-tissue did not differ significantly (Table 1) 
between fish caught in mangroves as opposed to seagrass beds (except δ13C of L. harak), 
and largely overlapped with the range of food item signatures for the seagrass beds (Figs. 
2e-h). Only a small percentage of all individuals showed a tissue δ13C that overlapped 
with that of mangrove food items (L. fulviflamma: 2%; L. harak: 4%; L. lentjan: 2%; 
S. sutor: 16%). The IsoSource stable isotope mixing model estimated that of all fishes 
caught in the mangroves and seagrass beds, the mean percentage diet contribution 
from mangrove food items was 15%, 12%, 21% and 45% for L. fulviflamma, L. harak, L. 
lentjan, and S. sutor, respectively. Calculations on mangrove contribution to fish diets 
were not confounded by fish body size, as no significant increase or decrease was found 
for tissue δ13C as a function of fish length (Suppl. Table 1).
Mangrove feeding at community level
In Tanzania (Kunduchi) only three out of eight species (Apogon sp., Gerres oyena and 
Lethrinus harak) showed significantly depleted δ13C tissue values for individuals caught 
in mangroves as opposed to seagrass beds (Table 1, Fig. 3a). Of these, G. oyena was the 
only species who had multiple individuals collected from the mangroves overlapping in 
their tissue δ13C with that of mangrove food items (11 out of 17 individuals). For three 
species (L. harak, L. lentjan, Lutjanus fulviflamma) δ13C tissue signature overlapped with 
those of seagrass bed food items, while G. oyena collected from the seagrass beds showed 
highly enriched tissue signatures. For the remainder of the species, fishes showed a δ13C 
tissue signature that fell in-between that of mangrove and seagrass bed food items. The 
Isosource mixing model showed the average contribution of mangrove food sources 
to the diet of fish species to range between 10%     and 65% (Table 1), with highest 
contributions for Sphyraena barracuda and Carangoides sp. from both habitats and for 
G. oyena and Apogon sp. that were caught in the mangroves.
In Indonesia (Semama) only two species (Terapon jarbua and Apogon lateralis) collected 
from mangroves showed highly depleted δ13C tissue signatures that partly overlapped 
with those of mangrove prey items, and the Isosource mixing model estimated the 
contribution of mangrove food items to their diet to be 67% and 77%, respectively (Fig. 
3b). Two other species collected from mangroves as well as seagrass beds (Gerres oyena 
and G. abbreviatus) all showed δ13C signatures that mainly overlapped with those of 
seagrass bed prey items, with a dependency on mangrove food sources of ≤ 25% (Table 
1). Nevertheless, G. abbreviatus collected from the mangroves showed significantly 
depleted δ13C tissue values compared to those collected from the seagrass beds.
In Pajang (Indonesia) all fishes collected from the seagrass beds overlapped in their 
δ13C tissue signatures with that of seagrass food items, whereas those collected from 
the mangroves showed a significantly depleted values that fell in-between that of prey 
items from mangroves and seagrass beds (Table 1, Fig. 3c). Only two individual fish 
showed a δ13C signature similar to that of mangrove prey items. The Isosource mixing 
model estimated the average contribution of mangrove food items to the diet to range 
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between 8% and 49%, with highest contributions for two species that were caught in the 
mangroves only (Sphyraena barracuda: 49%, and Apogon sp.: 48%).
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c) Panjang, Indonesia
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Figure 3: δ15N and δ13C tissue values for species of the fish communities in mangroves 
(filled symbols) and sand/seagrass beds (open symbols) at Kunduchi (a), Semama (b), 
and Panjang (c). Each symbol represents one individual fish. Boxes indicate the range 
(based on mean values) of potential food items (see Suppl. Fig. 1) from mangroves (left 
hand boxes) and sand/seagrass (right hand boxes) habitats, for each location separately 
and adjusted for fractionation. As degree of fractionation per species was not available, 
we used the commonly used average enrichment of 0.5‰ for δ13C and 3.4‰ for δ15N, 
respectively (Vander Zanden and Rasmussen, 2001; McCutchan et al., 2003). Large 
symbols and associated numbers in 3a indicate the average signature at Kunduchi (see 
Table 1) for: 1 Lutjanus fulviflamma; 2 Lethrinus harak; 3 L. lentjan; and 4 Siganus sutor 
in the mangroves and seagrass beds.
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Global trends of mangrove feeding
Fish communities from neither intertidal nor permanently inundated mangroves showed 
a disparate pattern in their degree of dependence on mangrove food items (overall mean: 
33% vs. 38%, respectively) when analyzed at the level of individual studies, and both 
mangrove types showed a wide range of dependency values (12–72%; Table 2). Analyzed 
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Figure 4: (a) Example of an inundated mangrove forest at high tide (left panel) and at low 
tide (right panel). (b) Mean δ15N and δ13C tissue values for individual species (indicated 
as separate data points) of studies from across the globe (listed in Table 2), indicating 
capture habitat (Mg = mangrove, Sg = seagrass/sand bed) and inundation type. Boxes 
indicate the range (based on mean values) of potential food items (see Suppl. Fig. 2) from 
mangroves (left hand boxes) and sand/seagrass (right hand boxes) habitats, adjusted 
for fractionation. As degree of fractionation per species was not available, we used the 
commonly used average enrichment of 0.5‰ for δ13C and 3.4‰ for δ15N, respectively 
(Vander Zanden and Rasmussen, 2001; McCutchan et al., 2003). (c) Frequency 
distribution at fish species level for the degree of dietary dependence on mangrove food 
items. For each species in each study (see 4b), the percent contribution of carbon from 
mangrove food items was calculated using the IsoSource mixing model.
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at the species level (Fig. 4b), however, it was evident that more species from permanently 
inundated mangroves had a depleted mean δ13C tissue values than those collected from 
mangroves that are drained at low tide (MANOVA, F (2, 104) = 27.23, P ≤ 0.001), and this 
was also true for fishes collected from their respective adjacent seagrass/sand habitats 
(MANOVA, F (2, 104) = 3.19, P = 0.045). The absolute number of species that overlapped 
only with δ13C signatures of mangrove food items was relatively low, however, and was 
predominated by species collected from permanently inundated mangroves and their 
adjoining habitat (Fig. 4b). Consequently, about 85% of the species considered on a global 
scale showed a dietary dependence of < 50% on mangrove prey items, with species from 
drained mangroves contributing more to this pattern than those from permanently 
inundated mangroves (Fig. 4c). Only few species showed a mangrove food dependence of 
≥ 75%, including several species of cardinalfish (Apogonidae) and snappers (Lutjanidae) 
(Table 2). 
Discussion
Whereas many studies have focused on the role of carbon from mangrove vegetation 
(leaf litter and detritus) as a source of nutrition for intertidal and subtidal animal 
communities, we still know very little about the role that mangroves play as a feeding 
habitat where motile fauna can forage on the high abundance of macro-invertebrates, 
such as crabs and gastropods that are permanently associated with the mangrove root 
habitat. In the present study we show that few fish species show high dietary reliance on 
food items associated with mangroves, as indicated by isotope mixing models using our 
own data from Tanzania and Indonesia as well as those extracted from the literature 
from around the globe. This finding applied to resident fishes in permanently inundated 
mangrove forests as well as to fishes entering intertidal mangroves at high tide. Mangroves 
have been widely acknowledged as important nurseries due to the high numbers of 
juvenile fish that they harbor (Mumby et al., 2004; Nagelkerken et al., 2008), and the 
paradigm is that increased survival from predation and enhanced growth resulting from 
abundant food supplies underlie their nursery role (Parrish, 1989; Faunce and Layman, 
2009; Nagelkerken, 2009). However, contrary to this assertion, very little evidence was 
found in the present study in support of the mangrove food-supply hypothesis. Our 
study is novel in that we evaluated fish dependency patterns both on the short-term 
(using stomach content) and long-term (using muscle tissue) at individual, species, and 
community levels of fishes collected from mangroves with different inundation types as 
well as their adjacent ecosystems, from around the globe. This holistic approach showed 
that although there was a clear distinction in stable carbon isotope signatures of all 
collected food sources between mangroves and adjacent ecosystems (seagrass beds/sand 
flats), the stomach-content and muscle tissue signatures of fishes collected from these 
systems were decoupled from this pattern at all levels studied. The overall reliance on 
food sources in the mangroves was low for the majority of fish species collected from 
mangroves as well as from adjacent ecosystems, indicating that fringing mangrove 
systems in general do not appear to function as primary feeding areas for most species, 
irrespective of whether they are residents or temporary immigrants.
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Previous studies that have shown a low reliance of fishes on mangrove food items have 
mostly based their conclusions on average signatures of fish tissues, but average values 
only tell part of the story. Our understanding of this phenomenon may be skewed due 
to the fact that individuals within a fish species, but also within prey species, may show 
specialization in terms of diet or use different niches (Layman et al., 2007). This means 
that analysis at the level of individual consumers may show patterns that are masked by 
averages. Nevertheless, our analysis at this level also showed a pattern of low dependence 
of fish on mangrove food sources. Less than 16% of the individuals for any of our four 
selected fish species from the Tanzania study site had a δ13C muscle tissue signature that 
overlapped with those of mangrove food items, and calculations from the mixing model 
showed that the dietary reliance of fish on these food items ranged merely between 12 
and 21% for the three zoobenthivorous species and 45% for the herbivore Siganus sutor. 
This indicates that a low importance of mangrove root systems as feeding habitats for 
fish is quite ubiquitous across individuals within our study species, and if individual 
specialization occurred at all (e.g. (Layman et al., 2007) this was not expressed as a 
differential  selection of feeding habitats. For prey items, our meta–analysis showed quite 
some variability. As their stable isotope values are used as sources to calculate mangrove 
food contribution to the fishes’ diets, spatio–temporal and individual variability in prey 
signatures could thus affect the patterns observed for their fish consumers. Even though 
variability in prey signature was observed, the signatures of prey items collected from 
mangrove and adjacent habitats showed a very good separation even when studies from 
across the globe (done in different seasons, at different locations, on different prey species, 
etc.) were combined. Furthermore, degree of fractionation may differ between species, 
but differences in stable carbon signatures of prey items from mangrove and adjacent 
habitats were much larger (2–4.5‰ on average) than the typical degree of fractionation 
for carbon (0–1‰).  Therefore, the overall conclusion related to degree of fish reliance on 
mangrove food items is unlikely to change due to variability in prey signatures. Hence, 
most individual fish caught in the mangroves seemed to be nutritionally dependent 
predominantly on food items from the sand/seagrass beds indicating strong energetic 
linkages between neighbouring coastal marine ecosystems, resulting from regular tidal 
and feeding migrations.
The literature shows different outcomes with respect to the importance of mangroves 
as fish feeding habitats, which may have partly resulted from differences in the 
species studied, tidal regime, geographic location, methodology, and spatio–temporal 
variability in fish community structure as well as stable isotope tissue signatures. This 
may significantly alter our ability to detect important spatial subsidies; for example, 
discrete, seasonally-driven recruitment events that link ecosystems could be missed 
by the typical small-scale fish sampling regimes. The present study collected data at 
multiple levels, from different species and locations around the world, from different 
types of mangrove habitat with different tidal regimes, and based on sampling done in 
different years. There was clearly some variability visible in our meta–analysis, which 
was probably attributed to above factors. Nevertheless, the overall patterns at multiple 
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levels of study were consistent and led to the same conclusions. However, the results also 
warrant that individual studies may provide very different conclusions, due to variability 
caused by the above-mention factors. Our mixing models using data from our study sites 
in Tanzania and Indonesia and from the literature showed average values for mangrove 
food dependence that ranged between 12 and 72% across studies (species pooled) and 
between 0 and 100% across individual fish species, underpinning how multiple abiotic 
and biological factors can affect, and have previously affected, conclusions related to 
this concept. From our overarching analyses it can be deduced that biogeography had 
a relatively small effect, whereas tidal regime and species identity had a larger effect. 
The higher reliance on mangrove food items observed for some fish species seems to 
be partly related to their feeding ecology. For example, a reasonably high reliance was 
found for the top predator Sphyraena barracuda which is known to shelter in mangrove 
roots to ambush prey fish (Verweij et al., 2006a). Fish species that forage on the sea 
bottom or by scooping up sediment and sieve out the associated macro-invertebrates 
(e.g. Gerres; Blaber, 2000) likely have more surface area available for foraging on the 
typically vegetation-poor substratum under the dark mangrove canopy as opposed to 
seagrass beds in which dense vegetation may obstruct bottom feeding. Finally, herbivores 
(e.g. Siganus sutor) and epiphyte consumers (Monodactylus argenteus) can forage on 
the filamentous algae and macroalgae growing on mangrove prop-roots (Blaber, 2000; 
Verweij et al., 2006a) and may therefore show a higher reliance on mangrove food items 
than species belonging to other feeding guilds. While most of the fish species caught 
in mangroves showed δ13C tissue signatures that were similar to those caught from the 
adjacent sand/seagrass beds, some mangrove-caught species did show partly depleted 
δ13C tissue values, suggesting that their main source of food originates from the seagrass 
beds but that they feed opportunistically on mangrove prey items when they occupy this 
habitat at high tide. Importantly, even in the cases (Semama, Pajang) where no dense 
seagrass vegetation was present that could provide shelter while foraging there, fishes 
did not seem to feed significantly in the adjacent mangroves that provided protection 
from predation. The fact that for very few fish species a difference in tissue or stomach 
content δ13C was found between individuals caught from seagrass beds and mangroves 
suggests that there are single assemblages of fishes within species that perform regular 
migrations and support flow of energy between mangrove and seagrass ecosystems. 
Degree of mangrove inundation had a significant effect on the reliance of fish on 
mangrove food items. Averaged across studies, the degree of mangrove food reliance was 
quite similar for fish species caught from permanently inundated vs. drained mangrove 
forests, but when separated at species level the difference became evident, showing more 
fish species with depleted δ13C signatures or with high mangrove food reliance in the 
former than in the latter. Inundation type and tidal amplitude have previously been 
suggested to regulate the extent to which fishes utilize mangrove habitats (Fry and Ewel, 
2003), while the duration of access to the mangrove habitat has been shown to play a role 
in mangrove resource utilization by fishes and decapods (Fry and Ewel, 2003; Lugendo 
et al., 2007). Our results further indicated that out of 12 fish species that showed high (≥ 
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75%) mangrove reliance nine were associated with permanently inundated mangroves 
(Table 2). However, this does not explain why many other fish species also move into 
mangroves at high tide, and this may be driven by processes other than food acquisition.
Different hypotheses have been put forward to explain why aquatic animals migrate 
into mangroves at high tide, including seeking shelter from predators (Haywood and 
Kenyon, 2009). The refuge hypothesis is based on the presence of structural complexity 
created by the mangrove prop-roots (Nagelkerken and Faunce, 2007, 2008) and a turbid 
environment (Blaber, 2000; Chong, 2007; Nagelkerken et al., 2010) that reduce predation 
risk. Although most studies have shown higher fish densities in mangroves than adjacent 
seagrass beds (Fig. 1c), mangrove occupancy does not appear to considerably enhance 
growth rates of fishes and they seem to harbor equal or lower densities of food items like 
macro-invertebrates or zooplankton compared to seagrass beds (Kitheka et al., 1996; 
Grol et al., 2008; Kimirei et al., 2013). It is therefore more likely that the perceived or 
realized safety of the dark, structure-rich mangrove root habitat is the immediate driver 
for fish to show an attraction towards mangrove root-habitats (Huijbers et al., 2011), in 
particular when the refuge value of adjacent seagrass beds is reduced during high tide 
when higher water levels allow predator intrusion (Sheaves, 2005) or is reduced during 
daytime when fish are easier detected by visual predators (Nagelkerken and van der 
Velde, 2004b).
The overall results of the current study have important implications for management and 
conservation of coastal marine and estuarine habitats and their fish communities. More 
than 50% of the world’s mangroves have already been lost and they continue to disappear 
at a rate of 1–2% per year (Duke et al., 2007). Fragmentation of mangrove and seagrass 
habitats due to coastal development (e.g. mangrove clearing, construction of dams and 
causeways, dredging of navigation channels) may disrupt the strong ecological linkages 
between mangrove and seagrass ecosystems (Layman et al., 2007). Loss of (vegetated) 
migration corridors due to human impacts could lead to higher mortality rates in seagrass 
beds due to fishes being obstructed to safely retreat into nearby mangrove areas at high 
tide. Moreover, studies have shown that cross-ecosystem transfer of nutrients by fishes 
that feed in one habitat and then release nutrients through defecation in their shelter 
habitats enhances benthic productivity or even presence of vegetation in the recipient 
habitat (Meyer and Schultz, 1985; Granek et al., 2009; Layman et al., 2012). Mangroves 
have typically been highlighted and protected based on their perceived nursery role 
for (commercial) shrimp and fish. While strong correlations have been found globally 
between offshore stock sizes of fish and crustaceans and mangrove habitat presence 
(Aburto-Oropeza et al., 2008) the present study suggests that it is the habitats that are 
located adjacent to mangrove fringes which energetically sustain this productivity in 
many cases. It is clear from the current study that management and conservation of 
coastal ecosystems should not be based solely on identifying the ecosystems or habitats 
which harbor highest animal densities or show highest secondary productivity, but 
should identify the suite of ecological factors that support such production, in particular 
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the energetic linkages among ecosystems that arise from, and form a critical part of, the 
complex life histories of many coastal fish populations. 
Conclusions
Our study suggests that mangrove food items may only contribute little to the overall 
diet of fishes from interlinked mangroves–seagrass ecosystems. At all levels studied 
individual fish, species and community levels across the globe similar patterns of low 
dietary reliance on mangrove-associated prey were generally observed. Inundation type 
had a noticeable effect on the degree of mangrove reliance. The results strongly suggest 
that mangrove root systems act mainly as refuge areas instead of critical feeding grounds 
for the majority of fish species studied so far. The ongoing, rapid loss and fragmentation 
of mangrove and seagrass habitats and loss of cross-ecosystem connectivity are likely to 
have strong effects on the productivity and ecosystem services provided by such coastal 
marine habitats. With many fish species moving across ecosystem borders, conservation 
efforts should be geared towards protecting habitat mosaics rather than individual 
habitats or ecosystems.
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Supplementary Figure 1. Mean δ15N and δ13C values (± SE) for primary producers, 
zooplankton and macro-invertebrate fauna collected from the mangrove root habitat 
(filled symbols) and the sand/seagrass beds (open symbols) at Kunduchi in Tanzania (a 
& b), and at Semama (c) and Panjang (d) in Indonesia. MANOVA showed a significant 
difference in δ13C between primary producers from the two habitats at Kunduchi (F 
(1, 21) = 8.74, p = 0.008), but not for δ15N (F(1,21) = 0.11, p = 0.746). The same was true 
for macro-invertebrates at Kunduchi (δ13C: F(1, 62) = 40.7, p < 0.001; δ15N: F(1, 62) = 
0.66, p = 0.434), at Semama (δ13C: F(1, 15) = 26.2, p < 0.001; but δ15N: F(1, 15) = 2.5, p = 
0.030), and at Panjang (δ13C: F(1, 24) = 105.7, p < 0.001; δ15N: F(1, 24) = 0.33, p = 0.247). 
The δ13C values of food items that distinguished the habitats differed among locations: 
for primary producers at Kunduchi this was < -22.2‰ vs. > -18.4‰ (averages for man-
grove and seagrass beds, respectively), and for macro-invertebrates this was < -18.5‰ 
vs. > -16.9‰ (Kunduchi), < -16.5‰ to > -12.0‰ (Semama), and < -15.6‰ vs. >-11.6‰ 
(Panjang).
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Supplementary Figure 2. Mean δ15N and δ13C values (± SD) of potential food sources 
collected from mangrove root habitats (filled symbols) that drain completely during 
low tide (a) or remain inundated (b) from across the globe. Open symbols represent 
subtidal seagrass beds. Letters in-between brackets indicate different sampling locations 
within the same study: Ng, Nunge; Ka, Kaole; Ku, Kunduchi; Pa, Panjang; Se, Semama; 
Bb, Biscayne bay; Fl, Florida; Bh, Bahamas; Mp, Mapopwe and Mb, Mbegani. Differ-
ent numbers indicate different studies (see Table 2), whereas different symbols repre-
sent different food taxa: round markers = macro-invertebrates, square markers = algae, 
diamond markers = epiphytes. The δ13C values of the food items (primary producers as 
well as macro-invertebrates) associated with the mangrove prop-root habitat were sig-
nificantly depleted compared to those of seagrass beds (MANOVA, F (1, 173) = 42.14, p 
< 0.001) regardless of inundation type (MANOVA, F (1, 173) = 0.517, p = 0.479). There 
were no significant differences in δ15N values of food items between habitats and inun-
dation type (MANOVA, F(1, 170) = 0.158, p > 0.625). With a few exceptions, mangrove 
and seagrass food items (vegetation as well as macro-invertebrates) could be separated 
at a δ13C value of approx. -16.5‰ for macro-tidal as well as micro-tidal systems. Of all 
potential food items, macroalgae showed the most depleted signatures in both habitats. 
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Meta-analysis reveals that utilization of mangrove and seagrass nursery 
habitats across the globe is related to tidal regime rather than biogeographic 
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Abstract 
Identification of critical life-stage habitats is key to successful conservation efforts. 
Juveniles of some species show great flexibility in habitat use while in other species they 
rely heavily on one or two habitat types. Considering the rapid degradation of coastal 
marine habitats worldwide, it is important to evaluate which species could be most 
threatened by loss of juvenile habitats and whether this differs across large biogeographic 
regions. Here we use a meta-analysis approach to investigate habitat use by juvenile 
reef fish species in tropical coastal ecosystems. Densities of juvenile fish species were 
compared among mangrove, seagrass and coral reef habitats from across the globe. In the 
Caribbean, the majority of species showed significantly higher densities in mangroves 
as compared to seagrass beds and coral reefs, while the opposite was true for the Indo-
Pacific region. Further analysis indicated that differences in tidal amplitude between the 
Caribbean and Indo-Pacific region as well as within Indo-Pacific locations is the most 
likely driving factor for this phenomenon. In the Caribbean, species of specific families 
(e.g., Lutjanidae, Haemulidae) showed a higher reliance on mangroves or seagrass beds 
as juvenile habitats than other species, whereas in the Indo-Pacific family-specific trends 
of juvenile habitat utilization were less apparent. The findings of this study highlight the 
importance of incorporating region-specific seascape structure and habitat connectivity 
into marine spatial conservation planning and ecosystem based management. 
Keywords: density, nursery, abundance, connectivity
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Introduction 
Coastal habitats play an important role as nurseries in the early life history of many 
important marine fish species. Juvenile and adult habitats of many marine fish species 
are spatially separated, and habitats where juveniles spend most of their life are often 
referred to as nursery habitats (Beck et al. 2001, Dahlgren et al. 2006). The use of the 
term “nursery habitat” has received considerable attention (Beck et al. 2001, Adams et al. 
2006, Dahlgren et al. 2006, Nagelkerken 2009). The general consensus is that a particular 
habitat can be referred as a nursery habitat if it contributes a higher than average biomass 
to a spatially-separated adult population compared to all other juvenile habitats. This 
can be realized through enhanced fish density, growth, survival, or movement to adult 
habitats of juveniles in nursery habitats compared to other nearby habitats (Beck et al. 
2001). Others have suggested a broader application of the concept by using the overall 
contribution of nursery habitats to adult populations rather than the contribution 
per unit area (Dahlgren et al. 2006). However, the most important parameter is the 
functional movement of fish from juvenile to adult habitats. Most coral reef fish species 
are known to have two life stages: a pelagic larval stage and a demersal juvenile and 
adult stage (Leis & McCormick 2002). Juveniles of many fish species do not, however, 
settle directly in adult habitats after having completed their pelagic larval phase, but 
instead undertake ontogenetic habitat shifts during which they move across a variety of 
shallow-water habitats (e.g. shallow patch reefs, seagrass beds, hard and soft substrates, 
mangroves) (Adams et al. 2006, Nagelkerken 2007).
Mangroves, seagrass beds, patch reefs, mudflats, salt marshes, estuaries and associated 
habitats provide nursery grounds for juveniles of numerous fish species (Minello et al. 
2003, Dorenbosch et al. 2005, Kimirei et al. 2011). Seagrass beds and mangrove habitats 
form unique, productive and highly diverse ecosystems throughout the world. Their 
nursery role is underpinned by the provisioning of resources, such as food or shelter, 
for many invertebrates and fish species (Nagelkerken et al. 2001, Heck et al. 2003). The 
absence of such habitats is correlated with a significantly lower density and diversity of 
adults on nearby coral reefs (Nagelkerken et al. 2001, Mumby et al. 2004, Nagelkerken 
2009), as well as lower rates of key ecological processes on reefs (Mumby & Hastings 
2008, Olds et al. 2012b). Therefore, coastal habitats do not function as isolated entities, 
but rather are connected to each other by tides and fish movements. They provide a suite 
of microhabitats for aquatic organisms, such as bare sand bottom, mudflats, seagrass 
patches, hard bottom substratum, coral patches, tidal channels, and tidal pools. However, 
each of these may function differently depending on their position in the seascape 
(Sheridan 1997, Kimirei et al. 2011). Apart from functioning as nursery habitat, these 
ecosystems are also known to energetically subsidize one another through carbon fluxes 
and exchange of other materials, although the extent and magnitude of carbon exchange 
form the basis of an ongoing debate (Lee 1995, Laegdsgaard & Johnson 2001, Igulu et al. 
2013). Most evidence based on stable isotope analyses suggests that mangroves habitats 
are predominantly used for shelter while seagrass beds perform an important role as 
feeding grounds (Nyunja et al. 2009, Heithaus et al. 2011, Igulu et al. 2013).
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The functioning of mangroves, salt marshes, and seagrass beds as habitats for aquatic 
organisms has been the subject of several reviews (Nagelkerken et al. 2008, Nagelkerken 
2009) and meta-analysis studies (Heck et al. 2003, Minello et al. 2003, Sheridan & Hays 
2003). For example, the work of Heck et al. (2003) examined the role of temperate seagrass 
beds as a nurseries, Sheridan & Hays (2003) focused on mangroves, while Minello et al. 
(2003) examined the habitat function of salt marshes for juvenile fish and decapods. 
These meta-analyses concluded that abundance, growth and survival of animals were 
higher in vegetated than in un-vegetated habitats. However, the authors typically 
focused on a single habitat, which may have limited larger seascape-scale insights into 
habitat usage by nursery species at different life stages or across different trophic levels 
(Nagelkerken et al. 2013). Furthermore, in most studies juvenile and adult densities are 
pooled together (e.g. Nakamura & Sano 2004, Shibuno et al. 2008), and differences in 
sampling methodology across studies make it difficult to interpret results from different 
studies. This meta-analysis examines the usage of multiple coastal habitats (seagrass 
beds, coral reef and mangroves) by juvenile reef fish on a global scale. The end product 
is a large-scale overview of the ecological functioning of, and potential ecological 
connectivity among, habitats in tropical coastal ecosystems. This not only provides us 
with a better understanding of fish movement patterns and the unique role that some 
habitats may play, but also sheds light on the potential underlying mechanisms that 
lead to differences in trophic connectivity across habitats, with consequences for fishes, 
fisheries and ecosystem functioning. 
Material and methods 
Literature search and database construction 
We searched the literature using Thomson Reuters’ Web of Knowledge and Elsevier’s 
Science Direct electronic databases using the following keywords as topics: 1) a 
combination of mangroves* and seagrass*, together with ‘fish’, ‘fisheries’, ‘decapods’, 
‘crabs’, ‘prawns’ or ‘juveniles’; 2) a combination of mangroves* and seagrass*, together 
with  ‘growth’, ‘biomass’, ‘density’ or  ‘survival’. The results were thereafter filtered 
using ‘nursery species’ as a keyword to narrow the output down into relevant studies 
before carefully examining the methods and the species studied therein. In addition, we 
included our own data from the Caribbean, East Africa and the Western Pacific.
There were several selection criteria for inclusion of published articles but we did not 
discriminate against fish sampling methods. 1) A particular study must have sampled in 
more than one habitat: at least in one juvenile habitat (e.g. seagrass beds or mangroves) and 
including the adult reef habitat. Studies that had sampled artificial seagrass, mangroves 
or coral reefs were excluded; 2) Studies must have provided mean density data of juvenile 
fishes, standard deviation (SD) and number of observations (N). In the case where only 
the standard error of the mean (SE) was provided we calculated SD as the product of 
SE and square root of the number of observations (N); 3) Studies must have provided 
length or size range of the juvenile fish sampled; and 4) Each species included in the 
study must have spent part of its juvenile phase in vegetated habitats other than the adult 
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coral reef habitat, in accordance with the definition of ‘nursery species’ as proposed by 
Beck et al. (2001) and Adams et al. (2006). We based our selection of nursery species on 
the community-level work of Nagelkerken et al. (2000) and Dorenbosch et al. (2005) for 
the Caribbean and Indo-Pacific, respectively. However, we included the species groups 
‘seagrass generalists’ and ‘reef generalists’ from Dorenbosch et al. (2005) as members 
of these groups have been shown elsewhere to also rely significantly on mangrove and 
seagrass habitats as juveniles (Heck et al. 2003, Nakamura et al. 2009, Kimirei et al. 
2011). For our own data (see Table 1), the size range used to characterize juveniles for 
the selected species was 0-10 cm TL with exception of the Dorenbosch et al. (2005) data 
where we used a size range based on 0 cm to 1/3rd of the maximum species TL (which 
has been shown to coincide with the juvenile life phase (Nagelkerken & van der Velde 
2002). If studies reported densities across several seasons or study sites within a bay or 
estuary, the data were averaged to provide a single mean per species and study location. 
Density measurements were standardized across studies to 100 m2 prior to analysis.
Meta-analysis 
We used MetaWin version 2.1 (Sinauer Associates 1997; for our meta-analysis. Hedges’ d 
(Hedges & Olkin 1985) was used as the metric to measure effect sizes. Hedges’ d requires 
a mean, standard deviation (SD) and number of observations (N) for each value to be 
compared between habitats and was calculated as:
where 
S= pooled Standard deviation,   
Xe and Xc = means of experimental and control groups, respectively, and  
Nc and Ne = number of observations in the control and experimental groups, 
respectively; 
d describes the difference between experimental and control group in terms of SD 
units. A positive d indicates that the experimental group has a larger value than the 
control group, while a negative value indicates the opposite.
Hedges’ d was calculated for each species at each study location. Afterwards, we 
calculated the cumulative effect size (d+) for comparisons across habitats, species and 
study locations (i.e. samples). The cumulative effect size of a sample is a weighted average 
(weighted by the reciprocal of its sampling variance) of individual effect sizes to reduce 
bias due to studies with few vs. large sample sizes (Rosenberg et al. 2000). Data points 
(for both species and location) with fewer replicates (N ≤ 2) were excluded in the final 
analysis.
Confidence intervals around the average effect sizes were generated using bootstrapping 
methods (5000 iterations). We used biased-corrected confidence intervals to reduce bias 
s
J=d
J = 1– –1
3
4 Nc + Ne - 2 
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due to small sample sizes. If the confidence intervals do not overlap zero, then the effect 
size is considered significant.
Total heterogeneity (QT) of a sample was calculated to determine whether the variance 
among individual effect sizes calculated for a sample was greater than expected due to 
sampling error. QT is a weighted sum of squares and is comparable to the total sum of 
squares in an Analysis of Variance (ANOVA). Significance of QT was tested against a 
2-distribution. A significant QT would indicate that other explanatory variables should 
be investigated as there may be some underlying structure to the data. As the QT for all 
our comparisons was significant (see Table 2) we subsequently ran a categorical random-
effects model, which is analogous to a mixed-effects model in ANOVA. Separate analyses 
were done for species and locations as categories. In this model, total heterogeneity 
QT is partitioned into QM (variation explained by the model) and QE (residual error 
variance). The significance of QM was calculated using resampling techniques (based on 
permutations). Due to the often small sample sizes of meta-analysis, statistics generated 
through randomization techniques are considered more conservative than parametric 
methods, because there is no underlying assumption about the distribution of the data 
(Rosenberg et al. 2000). We also used continuous random-effects models to separately test 
for the effects of tidal height and water salinity as explanatory variables. These analyses 
were done using individual data points (i.e. not averaged across species or locations). For 
each study site we used reported values for tidal range and salinity. For studies where 
these data were not reported for salinity we used sea surface salinity measurement from 
ocean colour (www.oceancolour.gsfc.nasa.gov) and for tidal range we used information 
from tide-forecast (www.tide-forecast.com).
Similarity in habitat use among fish species was analyzed using CLUSTER analysis 
in PRIMER (Clarke & Warwick 2001). Analyses were applied to Euclidean similarity 
matrices calculated using non-transformed hedges d values of all three habitat 
comparisons. CLUSTER analysis was based on group averages.
Sensitivity analyses 
We tested the robustness of the data by calculating Rosenthal’s fail-safe numbers for each 
analysis; this reflects the number of non-significant studies that would need to be added 
to the analysis to change the outcome from significance to non-significance. A potential 
caveat of meta-analysis is that of publication bias, caused by selective publication of data 
(e.g. only with significant outcomes). A rank correlation test (Spearman rank-order) was 
used to test for publication bias.
Results 
A total of 80 relevant articles were identified from Web of Knowledge and Science Direct, 
but only three articles met our criteria for inclusion. As a result, analyses relied heavily 
on our own data collected from multiple sites during the last decade. In total, more 
studies originated from the relatively small Caribbean region (total: 13) compared to the 
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much larger Indo-Pacific region (total: 10; Fig. 1, Table 1). For the latter region, studies 
were restricted to eastern Africa, Australia, Indonesia, and Japan. The sampling method 
for all included studies was underwater visual census. Tests for publication bias showed 
no significant effects, except for reef-mangrove/seagrass in the Indo-Pacific (Table 2). 
Rosenthal’s fail-safe numbers ranged between 53.8 and 6995.5 (Table 2), suggesting the 
results are robust  (expected to remain the same even if more studies will be added).
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Table 1: . List of studies from the literature (*) and own data sources used in the analyses. 
MG = mangroves, SG = seagrass beds and RF = coral reef
Reference Region /  
location
Habitat sampled NS
Caribbean
Dorenbosch et al. (2007) Aruba MG, SG, RF 17
Harborne et al. (2008a) Abaco (Bahamas) MG, SG 17
Harborne et al. (2008a) Andros (Bahamas) MG, SG, RF 17
Harborne et al. (2008a) Bimini (Bahamas) MG, SG 17
Nagelkerken unpubl. data Bimini (Bahamas) MG, SG, RF 17
Harborne et al. (2008b) Lee Stocking Island 
(Bahamas)
MG, SG, RF 17
Harbone et al. (2008a) San Salvador 
(Bahamas)
MG, SG, RF 17
Mumby et al. (2004) Belize MG, SG, RF 17
Huijbers et al. (2008); 
Nagelkerken unpubl. data
Bermuda MG, SG, RF 17
Nagelkerken unpubl. data Curaçao MG, SG, RF 17
Sheridan (1992)* Florida (USA) MG, SG 2
Nagelkerken et al. (2012) Grand Cayman MG, SG, RF 17
Harbone et al. (2008a) Turks and Caicos 
Islands
MG, SG, RF 17
Indo-Pacific
Olds et al. (2012a) Moreton Bay 
(Australia)
MG, SG, RF 9
Olds et al. (2012b) Palm Islands 
(Australia)
MG, RF 9
Unsworth et al. (2009)* Sulawesi (Indonesia) MG, SG 4
Nakamura et al. (2009)* Ryukyus Islands 
(Japan)
SG,RF 2
Olds et al. (2012a) Solomon Islands MG, SG, RF 9
Kimirei et al. (2011) Kunduchi (Tanzania) MG, SG, RF 4
Dorenbosch et al. (2005) Mafia (Tanzania) MG, SG, RF 21
Kimirei et al. (2011) Mbegani (Tanzania) MG, SG, RF 4
Dorenbosch et al. (2005) Pemba (Tanzania) MG, RF 21
Dorenbosch et al. (2005) Zanzibar (Tanzania) MG, SG, RF 21
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We found significant variability (significance of all QT < 0.001) in juvenile densities of 
nursery species across habitats and regions (Table 2). In the Caribbean, juvenile densities 
of nursery species were significantly higher in the mangroves than in the seagrass beds, 
while both mangroves and seagrass beds harbored significantly higher juvenile densities 
of nursery fish compared to coral reefs (Table 2, Fig. 2). For the Indo-Pacific region, 
in contrast, densities were significantly higher in the seagrass beds compared to the 
mangrove habitat, while there was no difference in effect size between the reef and 
seagrass/mangrove habitats. 
As QT was significant for all habitat comparisons we performed a categorical random-
effects analysis with species at categories. Significant differences in  habitat utilization 
were clearly present among species within regions (significant p-values of QM ranged 
between < 0.001 and 0.007; Table 3). In the Caribbean, mangrove habitats were 
preferentially utilized over seagrass beds for 7 out of 17 species (Fig. 3a). A similar pattern 
was observed for the reef–mangrove comparison: 11 out of 16 species showed higher 
densities in mangroves than reef (Fig. 3c). For the reef–seagrass comparison there was 
SG-MG RF-SG RF-MG SG-MG RF-SG RF-MG
-4
-3
-2
-1
0
1
2
3
4
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Figure 2:  Boxplots showing the distribution of individual effect sizes (Hedges d-values) 
for densities of juvenile nursery species in different habitats across locations and fish 
species. Gray filled boxes indicate data for the Caribbean region, while striped boxes 
represent the Indo-Pacific region. The boxes show the median effect size (middle line in 
the box) and the low and upper quartiles, while the ends of the whiskers represent the 
standard deviations (SD). MG = mangroves; SG = seagrass beds and RF = coral reef. 
The first mentioned habitat of the pair represents to control habitat for the respective 
comparison; e.g. SG-Mg shows the effect size for fish densities in mangroves (positive = 
higher) compared to seagrass beds. For the average Hedges d-values, their significance, 
and associated sensitivity analyses see Table 2.
Chapter 5
106
Ta
bl
e 2
: W
ei
gh
te
d 
m
ea
n 
eff
ec
t s
um
m
ar
y 
st
at
ist
ic
s 
fo
r 
ov
er
al
l c
om
pa
ris
on
 o
f j
uv
en
ile
 (1
-1
0 
cm
, T
L)
 d
en
sit
ie
s 
in
 s
ea
gr
as
s 
be
ds
 (S
G
), 
m
an
gr
ov
es
 (M
G
), 
an
d 
co
ra
l r
ee
fs 
(R
F)
. V
al
ue
s i
nd
ic
at
e w
ei
gh
te
d 
m
ea
n 
eff
ec
t s
iz
e (
d+
), 
co
nfi
de
nc
e i
nt
er
va
ls 
(C
I)
 at
 9
5%
, B
ia
s c
or
re
ct
ed
 
co
nfi
de
nc
e 
in
te
rv
al
s (
Bi
as
 C
I),
 to
ta
l h
et
er
og
en
ei
ty
 (Q
t),
 a
nd
 d
eg
re
es
 o
f f
re
ed
om
 (d
f)
. Th
e 
pu
bl
ic
at
io
n 
bi
as
 te
st
 is
 b
as
ed
 o
n 
Sp
ea
rm
an
 
ra
nk
-o
rd
er
 c
or
re
la
tio
n 
(R
s);
 R
 =
 R
os
en
th
al
’s 
m
et
ho
ds
 fo
r c
al
cu
la
tin
g 
fa
il-
sa
fe
 n
um
be
rs
. S
ig
ni
fic
an
t p
-v
al
ue
s i
nd
ic
at
e 
sig
ni
fic
an
t h
et
-
er
og
en
ei
ty
 w
ith
in
 a 
m
ea
n 
eff
ec
t s
iz
e; 
* i
nd
ic
at
es
 th
at
 th
e m
ea
n 
eff
ec
t s
iz
e i
s s
ig
ni
fic
an
tly
 d
iff
er
en
t f
ro
m
 ze
ro
.
Re
gi
on
Co
m
pa
ri
so
n
d+
CI
Bi
as
 C
I
Q
t, 
(d
f)
p-
va
lu
es
Pu
bl
ic
at
io
n 
bi
as
 te
st
Fa
il-
sa
fe
 
nu
m
be
rs
C
ar
ib
be
an
SG
-M
G
0.
57
0.
45
 to
 0
.6
9
0.
42
 to
 0
.7
2*
17
7.5
7 
(1
18
)
< 
0.
00
1
Rs
 (-
0.
04
5)
, 
p 
(0
.6
28
)
R(
45
86
.4)
RF
-S
G
0.
46
0.
34
 to
 0
.5
9
0.
28
 to
 0
.6
3*
28
5.
35
 (9
1)
< 
0.
00
1
Rs
 (0
.0
60
), 
 p
 (0
.5
67
)
R(
17
64
.5
)
RF
-M
G
0.
82
0.
69
 to
 0
.9
5
0.
63
 to
 1
.0
0*
23
7.6
4 
(1
07
)
< 
0.
00
1
Rs
 (-
0.1
11
), 
 
p 
(0
.2
55
)
R(
69
95
.5
)
In
do
-P
ac
ifi
c
SG
-M
G
-0
.2
6
-0
.4
5 
to
 
-0
.0
7
-0
.4
5 
to
 
--
0.
08
*
23
6.
48
 (5
0)
< 
0.
00
1
Rs
 (-
0.1
53
), 
 
p 
(0
.2
84
)
R(
60
6.
6)
RF
-S
G
0.1
9
0.1
2 
to
 0
.2
6
-0
.0
3 
to
 0
.3
7
58
6.
75
 (5
6)
< 
0.
00
1
Rs
 (-
0.
39
4)
, 
p 
(0
.0
02
)
R(
53
.8)
RF
-M
G
-0
.19
-0
.2
6 
to
 
-0
.12
-0
.4
5 
to
 0
.01
88
6.
56
 (7
4)
< 
0.
00
1
Rs
 (-
0.
39
4)
, 
p 
(0
.0
02
)
R(
53
.8)
Meta–Analysis reveals
107
Table 3:  Random effects categorical model summary statistics to test for the effect of 
species identity within habitat comparisons for seagrass beds (SG), mangroves (MG), 
and coral reefs (RF). Values indicate heterogeneity explained by the model (QM ), the 
residual error heterogeneity (QE), total heterogeneity (QT), degrees of freedom (df) 
and p-values from a Chi-square (χ²)  distribution. Significant p-values for QE * indi-
cates other  underline factors apart from species densities could explain the variation.
Region Comparison Model df Q p (χ²)
Caribbean
SG-MG QM 16 54.2 0.000
QE 102 103.56 0.438
QT 118 157.77 0.009
RF-SG QM 16 42.6 0.000
QE 75 113.64 0.003*
QT 91 156.24 0.000
RF-MG QM 15 32.5 0.006
QE 91 99.5 0.254
QT 106 132 0.044
Indo-Pacific
SG-MG QM 15 21.18 0.131
QE 31 45.37 0.046*
QT 46 66.55 0.025
RF-SG QM 17 34.54 0.007
QE 35 52.19 0.031*
QT 52 86.73 0.002
RF-MG QM 17 57.29 0.000
QE 53 200.97 0.000*
QT 70 258.26 0.000
only a significantly higher density in seagrass beds compared to coral reef for 2 out of 
17 species, while juvenile Chaetodon capistratus were more abundant on the reef than in 
seagrass beds (Fig. 3b). 
For Indo-Pacific region, juvenile density of most nursery fish species was lower in 
mangroves compared to seagrass beds or coral reefs. The number of species favoring a 
single habitat was lower compared to the Caribbean region. For instance, only 1 out of 16 
species had a significantly higher density in seagrass beds compared to mangroves (Fig. 
4a) while densities of other species in seagrass beds were not significant different from 
those in mangroves. For the reef–seagrass comparison, the number of species showing 
either higher densities in seagrass beds (10) or on reef (8) was similar (Fig. 4b). This 
difference was, however, only significant for 3 species (2 on reef, 1 on seagrass). For 
the reef–mangrove comparison, 9 species had a significantly higher density on the reef, 
whilst densities of 9 other species did not differ between habitats (Fig. 4c)
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Cluster analysis of effect sizes across habitats separated the species into 4 clusters (Fig. 5): 
species that were more abundant on reefs than mangrove or seagrass (group 1); species 
that were abundant on reefs or seagrass, but not in mangroves (group 2); species that 
were abundant on reefs or mangroves, but not in seagrass (group 3); and species that 
were abundant in mangroves, but not in seagrass or on reefs (group 4). Most Indo-Pacific 
species belonged to group 2 (not abundant in mangroves), whereas most Caribbean 
species belonged to group 4 (abundant in mangroves). The few Indo-Pacific species that 
occurred in high densities in mangroves did not co-occur in high densities in seagrass 
beds as was the case for some Caribbean species. Overall, species that were found in 
mangroves in high densities were dominated by the families Haemulidae (grunts), 
Lutjanidae (snappers), and Scaridae (parrotfishes).Densities of juvenile nursery species 
showed a significant correlation with tidal regime. With increasing tidal amplitude, 
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Figure 3: Rank-order of species-specific habitat utilization patterns based on the weight-
ed mean effect size (d+) ± 95% confidence interval for the Caribbean region for a) sea-
grass (SG) – mangrove (MG) comparison, b) coral reef (RF) – seagrass comparison, and 
c) coral reef – mangrove comparison. If confidence intervals do not cross the vertical 
line at d = 0, the effect size is significant.
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densities in seagrass beds (df = 148; slope = -0.1852; p < 0.001) and mangroves (df = 
182; slope = -0.6360; p < 0.001) decreased compared to coral reefs, while in mangroves 
(df = 169; slope = -0.2740; p < 0.001) they decreased compared to seagrass beds (Fig. 
6). Because all small-tidal data points originated from the Caribbean and all large-tide 
data are from the Indo-Pacific, we also performed a continuous random-effects analysis 
within regions. For the Caribbean no significant effect of tide was found for any of the 
habitat comparisons (all p > 0.303), likely due to the small range (0.3–1.3 m) in tides 
across islands tested. For the Indo-Pacific, however, where a large range (1.6–4.0 m) in 
tides across islands was tested, a significant effect of tide was found for the reef–seagrass 
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Figure 4: Rank-order of individual species specific habitat preference scatter plot of 
weighted mean effect size (d+) ± Confidence limit as compared in different habitats for 
the Indo-Pacific region. Dashed line at d = 0 indicates no difference in density between 
habitat comparisons. MG = mangroves; SG = seagrass beds and RF = coral reef.
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comparison (df = 56; slope = -0.2733; p = 0.050) and the reef–mangrove comparison (df 
= 74; slope = -0.8450; p < 0.001), but not for the seagrass–mangrove comparison (df = 
50; slope = 0.0321; p = 0.730). Finally, for the seagrass–mangrove comparison juvenile 
fish densities showed a significant correlation with salinity, with higher densities in 
mangroves with increasing salinity (df = 169; slope = 0.1952; p = 0.005). 
Discussion 
The importance of Indo-Pacific mangroves as nursery habitats for juvenile coral reef 
fishes has been debated for decades (see  (Faunce & Layman 2009, Nagelkerken 2009)
for reviews). Yet, emerging evidence shows that Indo-Pacific mangroves may function 
as nurseries for some species as much as their Caribbean counterparts do (Nakamura 
& Tsuchiya 2008, Olds et al. 2013). The inherent nursery value of Indo-Pacific seagrass 
has been accepted more readily, but is still often overlooked in marine conservation.
(Unsworth & Cullen 2010, Kimirei et al. 2013, Olds et al. 2013). The present study used 
a meta-analysis approach to examine circumtropical habitat use patterns by juveniles of 
nursery fish species. We found relatively few published studies other than our own that 
compared the abundance of juvenile nursery fish and/or invertebrate species in two or 
more habitats, or which examined adult habitat as well. Furthermore, most studies are 
still based on observations from single habitats (see for example (Crona & Ronnback 
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Figure 5: Cluster analysis plot based on Euclidean distances using hedges d values for all 
three habitat comparisons per fish species. Species from the Caribbean and Indo-Pacific 
are combined. Species for which one or more habitat comparisons were absent were 
omitted as no distance measure could be calculated.
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2005, Crona & Ronnback 2007, Mwandya et al. 2010), do not separate juvenile from adult 
densities, or exclude adult habitats from surveys. These omissions make it difficult to 
quantify the relative usage of different habitats by juvenile fish nursery species. 
-2
0
2
4
6
8
10
-2
0
2
4
6
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
-9
-6
-3
0
3
6
9
1
2
3
4
5
6
7 9
10
11
12
13
14
16 18
19
20
21
1
2
3
4
6
7
9
11
12 13 15 16
18
19
20
21
1
2
3 4
6
7 8
9
11
12
13 16
17 18
19
20
21
22
 
a)SG-MG
 
b)RF-SG
Tide amplitude (m)
c)RF-MG
H
ed
ge
s 
d 
± 
SD
H
ed
ge
s 
d 
± 
SD
H
ed
ge
s 
d 
± 
SD
Figure 6: Weighted mean effect size (Hedges d-values) ± Confidence interval (CI) of ju-
venile nursery fish species density in different habitats compared as a function of tidal 
amplitude for the Caribbean (filled squares) and the Indo-Pacific (open squares) region. 
Dashed line at d = 0 indicates no difference in density between habitat comparisons. MG 
= mangroves; SG = seagrass beds and RF = coral reef. Numbers in the graph indicate: 
Belize (1), Curaçao (2), Aruba (3), Grand Cayman (4), Florida (5), Turks and Caicos Is-
lands (6), Bimini (7), San Salvador (8), Andros (9), Abaco (10), Bermuda (11), Lee Stock-
ing (12), Solomon Islands (13), Wakatobi (14), Ryukyu Islands (15), Moreton Bay (16), 
Palm Islands (17), Kunduchi (18), Mafia Island (19), Mbegani (20) Zanzibar Island (21) 
and Pemba Island (22).
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The meta-analysis showed that mangroves harbored higher juvenile densities than 
seagrass beds for most nursery species in the Caribbean, whereas seagrass beds were 
more heavily utilized than mangroves in the Indo-Pacific region. Likewise, both 
mangroves and seagrass beds harbored higher densities of juvenile nursery species than 
coral reefs in the Caribbean, while the opposite was true for the Indo-Pacific. It is likely 
that the small tidal amplitude in the Caribbean as compared to Indo-Pacific region plays 
an important role in regulating observed patterns of mangrove use, with juvenile fish 
being afforded longer access to this habitat in micro-tidal areas (Sheaves 2005, Krumme 
2009). This assertion is supported by our results, which show a significant effect of tide 
on fish densities in mangroves and seagrass beds for both regions combined as well 
as for the Indo-Pacific alone. In particular, our findings indicate that with increasing 
tidal amplitude juvenile fish densities decrease in mangroves compared to the other two 
habitats. Variation in salinity also appears to exert a significant effect on fish densities, 
with densities increasing in mangroves relative to seagrass beds in areas with higher 
salinities. Mangroves are often located in estuaries and there is emerging evidence that 
estuarine mangroves are frequented more by estuarine fishes than juvenile coral reef 
fishes, whereas the opposite is true for marine mangroves (Thollot 1992, Lugendo et al. 
2007, Nagelkerken 2007). Non-estuarine mangroves may, therefore, be more attractive 
or beneficial to larvae of marine than estuarine species. The structural complexity of 
mangrove roots is also often favored by juvenile fish over seagrasses (Verweij et al. 
2006), which may explain the increased usage of mangroves over seagrass beds at higher 
salinities. 
Our results indicate that some species utilized mangroves more heavily across study 
sites than others. This included species like Sphyraena barracuda, Scarus iseri, Lutjanus 
apodus, Lutjanus griseus, Gerres cinereus, Haemulon flavolineatum, Haemulon sciurus, 
and Haemulon parra from the Caribbean region and Sphyraena barracuda, Lutjanus 
argentimaculatus, Lutjanus fulviflamma and Lutjanus monostigma from the Indo-Pacific 
region. Overall, there seems to be a tendency of higher mangrove reliance or utilization by 
various members of the families Haemulidae, Lutjanidae, and Sphyraenidae during their 
juvenile stages, independent of biogeographic locality. Potentially this could be related 
to specific life-history traits that are characteristic for these fish families. In contrast, 
only two species (Siganus sutor and Lethrinus harak) appeared to utilize seagrass more 
heavily across sites in the Indo-Pacific. This result is in accordance with known patterns 
of juvenile habitat use for fish from the familes Siganidae and Lethrinidae (Unsworth 
& Cullen 2010, Olds et al. 2014)  and may, therefore, also relate to family-specific life-
history traits. 
The fact that vegetated habitats harbor high densities of juvenile fish does not mean that 
other shallow water habitats are not also used as juvenile habitats. The results of our 
analyses at species level produced rather large confidence intervals, indicating that the 
magnitude of seagrass and mangrove habitat use differed across locations within the two 
regions. This is likely due to complex local-scale interactions between species abundances 
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and sizes, and the structure of, and connectivity among, habitats and microhabitats at 
the seascape scale. Such interactions make it difficult to single out seagrass beds and/
or mangroves alone as primary juvenile habitats, especially in areas where mangroves 
and seagrass beds are interconnected with each other and/or with coral reefs through 
diurnal, tidal, seasonal, or ontogenetic movements (Nagelkerken et al. 2013). Juvenile 
nursery fish species may use multiple habitats depending on their availability and 
accessibility (Nagelkerken 2009, Kimirei et al. 2011). The usage of multiple habitats 
suggests flexibility which can be linked to ontogenetic habitat shifts (e.g. for feeding 
and shelter) and different habitat functions at different spatial and temporal scales is 
said to (Kimirei et al. 2011, Igulu et al. 2013). This strategy of shifting among habitats 
throughout ontogeny is thought to maximize a trade-off between growth and survival 
(Dahlgren et al. 2006). However, habitat preference and use can change as juveniles grow 
and develop even when habitat associations do not. For example, juveniles of Haemulon 
spp. settle in rubble zones, then move to seagrass beds followed by mangroves before 
they move to the adult coral reef habitat (Grol et al. 2011, Grol et al. in press). Finally, it 
is not only the density of fish that ultimately determines the contribution to the adult 
habitat, but also the total surface area of the juvenile habitat in question (Dahlgren et al. 
2006), other drivers includes growth, survival and movement (Beck et al. 2001).
The results of meta-analyses can potentially be influenced by a number of factors. These 
include differences in sampling methods among studies, publication bias and both 
spatial and temporal variability in study context (e.g. habitat proximity/connectivity) 
and timing (e.g. sampling season). For example, studies conducted during recruitment 
periods may provide different results and thus affect the outcome. The studies that met our 
criteria were all based on visual surveys did not play a role and we tested for publication 
bias. Therefore, neither of these two factors had an effect indicating the results were 
sound. Variation in seascape structure among studies is, however, likely to have had an 
important effect on habitat use, which may have resulted in some of the variability. The 
incorporation of seascape variables, along with spatial information on fish densities and 
movement, into analysis of juvenile habitat use will provide an important step towards 
better predicting the value of nursery habitats (Nagelkerken et al. 2013). 
Conclusions
This study showed that on a global scale, mangroves are the preferred juvenile habitat 
for nursery species in the Caribbean, whereas seagrass beds seem to fulfill this role in 
the Indo-Pacific. Tidal regime appears to play an important role in explaining these 
patterns, with the relative importance of mangroves being negatively correlated with 
tidal amplitude. To prioritize the management and conservation of these key juvenile 
habitats it is critical that we develop a clear understanding of the influence of seascape 
connectivity on patterns of fish habitat use. 
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Chapter 6
This thesis contributes to our understanding of the sensory mechanisms underlying 
movement and navigation of early-stages of various fish species that settle in shallow 
water habitats—such as seagrass beds and mangroves. These habitats are widely 
acknowledged as important for replenishing coral reef fish populations with ontogeny 
(e.g. (Unsworth et al. 2007, Kimirei et al. 2011). The sensory mechanisms for orientation 
and navigation have recently received much attention, following evidence that fish larvae 
and early recruits possess large control over their  movement while navigating from open 
water to settlement habitats (Leis & Carson-Ewart 2003). This contrasts the long-held 
hypothesis that fish larvae and early recruits are passive swimmers, and their movement 
and dispersal are mainly determined by the direction and strength of the water currents 
(Roberts 1997). Since larvae and early recruits are active swimmers it is important to ask 
the question, ‘what sensory cues are used for orientation and navigation to shallow water 
habitats?’ The concept around this question has taken shape over the past decade, but has 
mainly been based on reef associated fish species (Reese 1989, Booth 1992, Arvedlund 
et al. 1999, Atema et al. 2002, Brolund et al. 2003). On the other hand, there is very little 
information or knowledge on mangrove-seagrass associated juvenile reef fish species 
that are considered nursery species. This thesis has focused on the role of visual (chapter 
2) and chemical (chapter 3) cues in juvenile fish for locating suitable coastal habitats 
since vision and olfaction are known to be highly functional senses for early-stage reef 
fish species (Arvedlund et al. 1999). Each of these cues was tested individually in order 
to particularly understand the potential role of each. 
Mangroves and seagrass beds harbor large assemblages of juvenile fishes and, more 
importantly, juveniles of reef associated fish species (Blaber et al. 1995, McCormick & 
Makey 1997, Beck et al. 2001, Nagelkerken et al. 2001, Chittaro 2004, Dorenbosch et 
al. 2004, Chittaro et al. 2005, Dorenbosch et al. 2007, Nagelkerken 2009). The question 
is how do they navigate and migrate into these habitats? Several environmental and 
chemical cues are known to be functional. Among all potential cues, visual, olfactory 
and auditory cues are known to be the most widely applied (Tolimieri et al. 2000, 
Montgomery et al. 2006). This thesis, has explored the potential role of visual and olfactory 
cues in microhabitat selection by early recruits fish. Using Lutjanus fulviflamma (dory 
snapper) as a model species (chapter 2), it was found that early recruits were visually 
capable of differentiating among different microhabitat in a laboratory experiment. 
Wild-caught early settlers showed a higher preference for seagrass beds over coral and 
mangroves roots and showed a higher preference for the combination of microhabitat 
with conspecifics or heterospecifics than microhabitat alone. This finding suggests 
presence of conspecifics in a microhabitat has an additive effect and might indicate a 
suitable environment for recruitment. In the case where conspecifics are not present 
within suitable microhabitats, some species of heterospecifics may perform the same 
function. Attraction to heterospecifics in absence of preferred microhabitats could be 
driven by the protection gained from schooling with other fish, which is more probably 
effective than protection offered by microhabitats alone. Furthermore, not all conspecific 
size classes appear important, but only those that are within 1 cm of individual’s body 
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length. Therefore it was concluded that presence of conspecifics in a microhabitat has a 
significant effect on the choice made by early settlers, and attraction to conspecifics is 
restricted to nearly similar-sized conspecifics.
While the visual cue experiments showed the importance of conspecifics and the identity 
of microhabitats (chapter 2), a similar pattern was observed for olfactory cues (chapter 
3). Test fish preferred chemical cues from seagrass bed water above that from coral 
reefs or mangroves. Although test fish showed an attraction to heterospecific cues in 
isolation (i.e. neutral water), such a response disappeared when these cues were offered 
in combination with seagrass bed water. This contrasted the attraction to heterospecific 
visual cues (chapter 2). Furthermore, a strong response towards conspecific olfactory 
cues was found, as well as to four different types of seagrass species, although there 
was no particular preference for a specifics seagrass species. These results indicate that 
juveniles of nursery fish species could locate inshore habitats on the basis of various 
olfactory cues. This flexibility could be a strategy to increase successful orientation 
towards isolated inshore nursery habitats (chapter 3). L. fulviflamma showed a most 
consistent response to the smell of seagrass leaves and conspecifics. If these cues are 
indeed used for orientation, this cue flexibility could be a strategy to increase successful 
settlement in isolated inshore nursery habitats. Other studies showed that density of this 
species and other mangrove-seagrass associated fish species are higher in seagrass beds 
than in mangroves and coral reef (Kimirei et al. 2011), supporting the possibility that 
a strong attraction to cues emitted from seagrass beds might be related to maximizing 
survival chances.
Finding appropriate settlement microhabitats is important to increase survival chances, 
but settlement habitats should also provide the energy needed for growth, competition, 
reproduction, and other purposes. In this light, this thesis also examined the contribution 
of mangrove organic carbon to the diet of juvenile fishes, in addition to the ecological 
function of mangroves and seagrass beds to the life of juvenile reef fishes. After having 
settled in shallow water habitats, the question is where do they obtain most of their 
energy for growth and other functions and which habitat do they largely feed in? There 
has been a long-standing debate on the degree to which fish energetically depend on 
mangrove carbon or potential prey sources from this habitat. This thesis, has, examined 
the dependence of fish species on mangrove food sources from the individual level to a 
species, community and global level (chapter 4) using a stable isotope approach. Finally, 
literature searches and data from collaborators were used to analyze information 
collected over decades using a meta-analysis approach to increase our understanding 
of the utilization of different habitats by juvenile fishes (chapter 5). This is not only 
important for the scientific community but also to tropical resource managers and 
different stakeholders.
Stable carbon isotope (δ13C) signatures of stomach contents and muscle tissue of juveniles 
of four selected mangrove-seagrass associated reef species (Lutjanus fulviflamma, 
Lethrinus harak, L. lentjan and Siganus sutor) suggested that these fish mainly feed 
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in seagrass beds (chapter 4). This pattern was true for both the short and long-term 
dependence (i.e. on a daily basis as well as over periods of weeks to months). Similar 
patterns have also been observed in the Caribbean (Cocheret de la Morinière et al. 2003, 
Nagelkerken & van der Velde 2004). Analysis of the fish communities from Kunduchi, 
Panjang and Semama further indicated that there were some species that showed a larger 
dependency on mangroves food sources. These included: Gerres oyena, Apogon lateralis, 
Carangoides sp. and Terapon jarbua. Chapter 4 generally indicated that mangroves 
contribute little to the diet of most mangrove-seagrass beds associated fish species. These 
findings suggest that the value of mangrove habitats is more related to sheltering and 
refuge (Nagelkerken & van der Velde 2004, Nyunja et al. 2009) as opposed to feeding. 
Moreover, the relative function of a particular mangrove habitat depends on its size, 
position in the seascape, the diversity of microhabitats, water depth, tidal amplitude and 
current patterns (Nagelkerken et al. 2013). Proximity to other systems and their surface 
area might significantly dictate the degree of connectivity with respect to fish migration 
and energy exchange (Dorenbosch et al. 2006). 
In the Caribbean and Indo Pacific, seagrasses often grow adjacent to mangroves 
(Nagelkerken 2009, Kimirei et al. 2011). In this light, it is difficult to anticipate what 
recruitment and survival patterns are in complete absence of either of these habitats. 
Therefore increased protection of mangroves and seagrass beds together may likely 
increase local fish species richness and abundances on the reef and other nearby habitats. 
To enhance fishery stocks, local Marine Protected Areas (MPA) have been established 
around the world (Agardy 1994). These are often restricted to single habitat (Kamukuru 
et al. 2004), the concept is based on the idea that protecting the reef community in MPAs 
could result in subsidies to other habitats, that is through spillover (e.g. Abesamis et al. 
2006). However, failure of understanding the larval dispersal and connectivity among 
these habitats would affect reef populations and the functioning of MPAs. Recent 
studies show that MPAs would benefit a lot if they were integrated with nursery habitats 
(Nagelkerken et al. 2012). Management strategies and MPA design should certainly take 
into account ecosystems connectivity (Sheaves 2009, Kimirei et al. 2013). To analyze 
whether either of these habitats were most important in harboring juvenile nursery fish 
and whether this role differed between the Caribbean and Indo-Pacific a meta-analysis 
was performed (chapter 5). The results showed that the densities of the juveniles of 
nursery fish were higher in the mangroves and seagrass beds as compared to reef in the 
Caribbean whereas in the Indo-Pacific region seagrass beds played a more important 
role than mangroves. The finding emphasizes the importance of vegetated shallow water 
habitats in general. The findings further indicated that differences in tidal amplitude 
between the two biogeographic regions could be a driving mechanism for this disparity. 
From the current thesis it becomes clear that the same habitats in the Caribbean vs. 
the Indo-Pacific do not perform exactly the same roles for the species studied here. 
While seagrasses appear to be more important in attracting and maintaining fish in 
the Indo-Pacific, mangroves seem to play this role in the Caribbean. Nevertheless, the 
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data from this thesis show that many of the results are context-dependent and that 
multiple habitats are used for different reason during the life cycle of fish. Hence, it is 
clear that although some habitats are more important in performing certain functions 
than others, a suite of habitats is more likely to be relevant to the successful persistence 
of fishes in coastal seascapes. Specific habitat utilization may differ in other fish species 
or differentiate from commonly observed pattern in specific scenarios. For example, 
factors like differences in presence and size-structures of predators, or food densities 
present in habitats, may alter the patterns observed here. In areas where adjacent habitats 
harbor low numbers of predators, or where predators are of small size (e.g. in overfished 
areas), fish might be less motivated to move deep into mangroves forests at high tide in 
order to avoid predation. But in cases where benefits are much larger in mangroves than 
adjacent habitats, e.g. in cases where intertidal mangroves harbor high food densities, 
these intertidal movement patterns may be ubiquitous irrespective of predation risk. It is 
clear that the importance of habitats depends on the species considered, and the specific 
hydrological, environmental and biological conditions in the area. Furthermore, there is 
increasing evidence that fish populations perform better in areas where habitat mosaics 
exists, offering multiple advantages within a species’ home range.
Future research 
Coastal ecosystems are not only important as biodiversity hotspot (Roberts et al. 
2002); they are also an important source of income and food security to millions of 
local population that live along the coast and nearby areas (Costanza et al. 1997). There 
is an enormous pressure on these ecosystems from both anthropogenic and natural 
stressors (Alongi 2002, Bellwood et al. 2004, Waycott et al. 2009). For instance, it is 
estimated that 35% of the mangroves forest has been cleared for various reasons (Duke 
et al. 2007, Alongi 2008), and that currently the mangroves cover is between 167,000 
km2 and 181,000 km2 (FAO 2007). Seagrass beds and coral reef are also subjected to 
various negative effects that include dynamite fishing, dredging and pollution. These 
ecosystems are connected in one way or the other, e.g. in terms of fish migration, tides 
and energy flow. It is also clear that there is energy subsidy by one system to the other; 
hence, it is important to gather information on the connectivity and dispersal of fish and 
other fauna. The tropical coastline is dominated by mangroves, seagrass beds and coral 
reefs; habitats which are declining due to the impact of human activities (Alongi 2002, 
Bellwood et al. 2004, Waycott et al. 2009). Linkages between these habitats are partly 
established through dispersal of fish, and understanding these movement patterns is 
therefore paramount.
The present thesis has provided evidence that early settling fish recruits are able to 
use a variety of environmental and conspecifics cues for orientation and navigation to 
suitable microhabitats (chapter 2 & 3). The results support previous finding from other 
researchers (Myrberg & Fuiman 2002, Arvedlund & Takemura 2006, Lecchini et al. 2007, 
Huijbers et al. 2008). However, in order to increase our understanding about settlement 
mechanisms, intertidal migration, and functional ecology of the nursery habitat, further 
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studies need to be performed:
a. Exploring the potential role of other cues like sound, magnetism, light and 
temperature gradients or a combination of multiple cues. Although this thesis 
only dealt with early recruits still there is the question whether the same 
mechanism applies to different life stages for mangrove-seagrass associated 
fishes.
b. Identifying specifics olfactory chemical cues (chemical constituents) that elicit 
a response for settlement from both habitat and conspecifics or heterospecifics. 
Early studies by (Lecchini et al. 2005) have partially isolated organic compounds 
from conspecifics and habitats, and have pointed out the potential importance of 
these compounds for settlement. However, specific chemical signatures could not 
be identified; therefore identifying these compounds would be a breakthrough 
to larval ecology.
c. Does mangroves-seagrass bed associated fish imprint on the cues of their natal 
habitats? Such a mechanism is known for salmons but whether it functions in a 
similar way for reef fishes is still largely unknown. 
d. We know for sure that the ocean environment is changing due to changes in 
wind patterns, ocean currents, and a rise of sea surface temperatures. But we do 
not know how these changes are going to affect larval dispersal and settlement 
patterns. It important to obtain empirical data and to develop models to predict 
the outcome of these changes for better management and conservation purposes. 
e. It is important to evaluate how long it takes for fishes to acquire a particular 
isotopic signature from a particular habitat and how fast a particular signature 
disappears once a fish moves to another habitat. A similar experiment has been 
done earlier but was based on a laboratory study with a restricted number of food 
items (Guelinckx et al. 2007). We know, however, that in the natural environment 
fish eat a variety of food items. This information could be important for managers 
to estimate how long particular fish stocks spend in a particular habitat. 
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Chapter 7
This thesis has addressed the potential sensory mechanisms underlying orientation 
to and selection of shallow water habitats (mangroves and seagrass beds) by juvenile 
reef fishes. It has been hypothesized that shallow-water habitats act as nurseries for 
juveniles of some coral reef fish species. To navigate into shallow water habitats juvenile 
fish species must recognize and make use of available cues from these habitats for 
orientation. Recognition of suitable settling microhabitats has been hypothesized to be 
based on acoustic, visual, chemical, solar direction, rheotactic, magnetic, wave motion 
or thermal cues. However, only visual, olfactory and auditory senses are known to be 
functional in reef fishes when they settle into their first benthic habitat, and the last two 
of these in only a few species. The current thesis tested the role of visual (Chapter 2) and 
olfactory (Chapter 3) cues from conspecifics, heterospecifics and various habitat types. 
Once settled in shallow water habitats, juvenile fish species associated with mangroves 
and seagrass beds are known to shift between mangroves and seagrass beds on a diurnal 
and tidal basis. Therefore it is important to evaluate the contribution of each habitat 
in terms of energy dependence and their ecological function (Chapter 4). Finally, in 
this thesis a meta-analysis was conducted to review the utilization of these habitats by 
juvenile fish species (Chapter 5). 
In chapter 2, the potential role of visual cues for fish recruits was investigated in 
dual-choice laboratory experiments. The order of preference (high to low) to various 
microhabitats was: seagrass leaves, coral and lastly mangrove roots. Furthermore, 
fish were more attracted towards a combination of conspecifics or heterospecifics and 
seagrass microhabitats than to seagrass microhabitats alone, but showed a significantly 
stronger preference for conspecifics than for heterospecifics when placed in preferred 
seagrass or non-preferred mangrove microhabitats. Attraction to heterospecifics 
(Siganus sutor) in preferred microhabitat (seagrass) highlighted the interaction between 
microhabitat and any associated fish species. Presence of resident fish in a microhabitat 
could indicate favorable conditions for settling or safety through schooling that can be 
provided by resident conspecifics or heterospecifics. However, the findings indicate that 
not all conspecific size classes are similarly attractive, but only those that are within 1 
cm of the body size of the settling individual.
The ability of settling fish to differentiate among chemical cues of different lagoonal water 
types was investigated in chapter 3. Test fish preferred seagrass bed water above coral 
reef and mangrove water. Although test fish showed a response to heterospecifics cues 
in isolation, such a response disappeared when these cues were offered in combination 
with seagrass bed water. Furthermore, a strong response was found towards conspecific 
olfactory cues, as well as to four different types of seagrass species. There was an equal 
attraction to these four species of seagrass. These results indicate that nursery fish species 
may locate inshore habitats on the basis of various olfactory cues and that settlers do not 
need to rely on a single olfactory cue. These findings suggest that relying on a single 
odor might reduce their chances of locating a suitable microhabitat, especially when the 
strength of such particular odor is very low or not available at all. 
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Chapter 4 explores the contribution of mangrove organic carbon to the diet of intertidal 
fish species. Naturally occurring carbon and nitrogen stable isotopes were used to 
evaluate the contribution of potential food sources from mangrove habitats to the 
diet of fishes found in mangroves and adjacent sand and seagrass beds. Fish stomach 
contents, muscle tissue and potential food items from both mangroves and adjacent 
sand/seagrass habitats were analyzed for their isotopic signature. The findings indicate 
that δ13C signatures from muscle tissue and stomach contents of almost all individuals 
belonging to four target species (Lutjanus fulviflamma, Lethrinus harak, L. lentjan and 
Siganus sutor) that were collected in the two habitats were similar to those of potential 
food items from the sand/seagrass bed habitats, thus indicating a low contribution 
of mangrove carbon to their diets. The mangrove carbon contribution was estimated 
to be in the range of 15-45% on a per species basis. Analysis at the fish community 
level at three different study locations indicated a differential degree of dependence on 
mangrove carbon depending on the species in question. Analysis of mangrove systems 
across the globe indicated that the contribution of mangrove organic carbon to the 
diets of intertidal fishes was only about 36%, being less dependent on tidal amplitute or 
geographic region. Despite large geographical difference of the cross-global sampling 
locations, mangroves and seagrass habitats showed a dissimilar ecological function, 
with seagrass beds functioning primarily as feeding habitat, and mangroves more likely 
acting as shelter habitat. 
Chapter 5 took a different approach to studying coastal habitat utilization by juvenile 
nursery fish species. A meta-analysis was used to search for generalizations of stage-
structured habitat use during the early life of nursery fish species. Densities of juvenile 
fish species were compared among mangrove, seagrass, and coral reef habitats from 
across the globe. Finding shows that in the Caribbean the majority of juvenile nursery 
fish species showed significantly higher densities in mangroves as compared to seagrass 
beds, while the opposite was true for the Indo-Pacific region. One potential driver of 
this disparity could be the differences in tidal amplitude between the two eco-regions. 
Furthermore, some species of specific families showed a higher reliance on mangroves 
habitat than others, independent of biogeographic region. The findings from this study 
highlight the importance of incorporating seascape structure and habitat connectivity 
into management plans of marine protected area. These data provide a tool to managers 
and other decision makers of where the focus should be in managing fishery stocks, 
especially with regard to fish species that depend on interlinked seagrass beds and 
mangroves as their juvenile habitat. 
 Chapter 6 summarized and discussed the finding of this thesis. The results of this thesis 
have increased our understanding of the potential sensory mechanisms underlying 
navigation and orientation to shallow water habitats by juvenile reef fishes. More 
importantly, our findings point to the potential ecological significance of various visual 
and olfaction cues, and their interactive effect, for early juvenile coral reef fishes while 
settling into shallow-water habitats. Furthermore, the results indicate that early settlers 
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do not rely on one particular cue (for example conspecifics) but may utilize multiple 
cues for orientation. It is known that shallow-water habitat (mangroves and seagrass 
beds) harbor high densities of juvenile reef fishes, but the ecological functions of these 
habitats may differ. This thesis stresses the point that mangrove habitats are mainly used 
for shelter/refuge, while seagrass beds function as a main feeding ground for intertidal 
fish species. In light of the ongoing and rapid loss and fragmentation of mangrove 
and seagrass habitats, loss of ecological connectivity may affect the productivity 
and ecosystem services provided by such shallow-water coastal habitats. Therefore 
conservation measures should integrate a mosaic of coastal habitats. 
Samenvatting 
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In dit proefschrift is onderzocht hoe juveniele koraalvissen gebruik maken van 
zintuiglijke waarneming bij hun oriëntatie naar en selectie van ondiepe kusthabitats 
(mangroven en zeegrasbedden). Van deze ondiepe kusthabitats wordt gedacht dat ze 
als kraamkamer fungeren voor sommige koraalvissoorten. Om naar deze habitats te 
kunnen navigeren, moeten juveniele vissen signalen ervan kunnen herkennen en 
gebruiken. Verschillende signalen waarvan gedacht wordt dat ze een rol spelen bij de 
herkenning van microhabitats zijn geluid, zicht, geur, zonnerichting, stroming, golfslag 
of temperatuur. Echter alleen zicht, geur en geluid zijn bekend als functionele signalen 
voor de vestiging van koraalvissen in hun eerste benthische habitat, waarvan de laatste 
twee voor maar enkele vissoorten. In dit proefschrift is de rol van zicht (Hoofdstuk 2) 
en geur (Hoofdstuk 3) van soortgenoten, andere vissoorten, en verschillende habitat 
typen onderzocht. Na vestiging in ondiepe kusthabitats migreren juveniele vissen die 
geassocieerd worden met mangroven en zeegrasbedden tussen deze twee habitats onder 
invloed van het dag-nacht ritme en het getij. Het is daarom belangrijk de bijdrage van 
elk habitat te evalueren in termen van energie afhankelijkheid en ecologische functie 
(Hoofdstuk 4). Als afsluiting is in dit proefschrift een meta-analyse uitgevoerd om 
een overzicht te krijgen van het gebruik van deze habitats door juveniele vissoorten 
(Hoofdstuk 5). 
In hoofdstuk 2 is de potentiële rol van zicht voor de vestiging van juveniele vissen 
onderzocht in tweekeuze laboratorium experimenten. De voorkeur voor verschillende 
microhabitats was van hoog naar laag: zeegras bladeren, koraal, en mangrove wortels. 
Daarnaast werden de vissen sterker aangetrokken tot een combinatie van zeegras 
microhabitat met soortgenoten of andere soorten dan tot zeegras microhabitat zonder 
vissen. Ze vertoonden echter een significante hogere voorkeur voor soortgenoten 
dan voor andere soorten wanneer deze in hun hoge voorkeurhabitat, zeegras, of hun 
lage voorkeurhabitat, mangrove wortels werden geplaatst. Aantrekking tot andere 
vissoorten (Siganus sutor) in hun hoge voorkeurhabitat benadrukte de interactie tussen 
microhabitat en elke geassocieerde vissoort. De aanwezigheid van gevestigde vissoorten 
in een microhabitat kan als aanwijzing dienen voor gunstige omstandigheden voor 
vestiging, of kan bescherming bieden vanwege de veiligheid van samenscholen, zowel 
met soortgenoten als met andere soorten. De resultaten laten echter zien dat niet 
alle soortgenoten evenveel aantrekking vormen, er was alleen een voorkeur wanneer 
soortgenoten minder dan 1 cm verschilden in lichaamsgrootte ten opzichte van het 
vestigende individu.
Het vermogen van vestigende vissen om met geur tussen verschillende watertypes 
uit lagunes te kunnen differentiëren is getest in hoofdstuk 3. Testvissen lieten een 
voorkeur zien voor water afkomstig van zeegrasvelden (zeegras water), vergeleken met 
water afkomstig van koraalrif en mangroven. Hoewel testvissen daarnaast werden 
aangetrokken door de geur van andere vissoorten, verdween deze aantrekking wanneer 
deze geur werd gecombineerd met de geur van zeegras water. Er werd een grote 
aantrekking waargenomen voor geur van soortgenoten, en voor vier verschillende 
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typen zeegras soorten met een vergelijkbare aantrekking tussen deze vier soorten. De 
resultaten laten zien dat vissoorten die gebruik maken van ondiepe kusthabitats als 
kraamkamers, deze habitats kunnen vinden door gebruik te maken van verschillende 
geuren. Vestigende vissen hoeven zich daarbij niet te beperken tot een enkele geur, wat 
hun kansen op het vinden van een geschikte microhabitat zou kunnen verkleinen, zeker 
wanneer bepaalde geuren soms erg zwak of zelfs afwezig kunnen zijn. 
In hoofdstuk 4 wordt de bijdrage onderzocht van organisch koolstof uit mangroven 
voor het dieet van vissoorten die in getijde gebieden leven. De bijdrage van potentiële 
voedselbronnen van mangroven voor het dieet van vissen uit mangroven en nabij gelegen 
zandplaten en zeegrasbedden is onderzocht door gebruik te maken van natuurlijke 
koolstof en stikstof isotopen. Maaginhouden en spierweefsel van vissen en mogelijke 
voedselbronnen uit zowel mangroven als nabij gelegen zandplaten en zeegrasbedden 
zijn geanalyseerd op hun natuurlijke isotopen verhoudingen. De bevindingen laten zien 
dat δ13C verhoudingen van spierweefsel en maaginhouden van alle individuen van vier 
doelsoorten (Lutjanus fulviflamma, Lethrinus harak, L. lentjan and Siganus sutor) uit 
de onderzochte habitats overeenkomen met die van voedselbronnen van zandplaten 
en zeegrasbedden. Dit houdt in dat organisch koolstof uit mangroven maar een lage 
bijdrage vormt in het dieet van deze vissen. De geschatte koolstof bijdrage van mangroven 
per onderzochte vissoort lag in een range van 15-45%. Analyses op het niveau van 
visgemeenschap van drie verschillende onderzoekslocaties liet in verschillende mate 
afhankelijkheid van koolstof uit mangroven zien afhankelijk van de soort in kwestie. 
Een analyze op wereldwijd niveau  waarbij de contributie van koolstof uit mangroven 
voor het dieet van vissoorten uit getijde gebieden is bepaald liet een gemiddelde bijdrage 
van slechts 36% zien, welke weinig beïnvloed werd door de amplitude van het getij 
en geografische regio. Ondanks de grote verschillen in geografische regio’s van deze 
onderzochte gebieden was er een verschil te zien tussen mangroven en zeegrasvelden in 
hun ecologische functie, waarbij zeegrasvelden waarschijnlijk meer als foerageergebied, 
en mangroven als plaats voor beschutting dienen. 
Hoofdstuk 5 laat een andere aanpak zien voor het bestuderen van het gebruik van 
ondiepe kusthabitats door juveniele koraalvissen. Met behulp van een meta-analyse is 
gezocht naar generalisaties in levensfaseafhankelijk habitat gebruik gedurende de jonge 
perioden van vissoorten die deze gebieden als kraamkamer gebruiken. Dichtheden van 
juveniele vissen van deze soorten zijn vergeleken tussen mangroven, zeegrasbedden en 
koraalriffen verspreid over de wereld. De bevindingen lieten zien dat juveniele vissen in 
het Caribisch gebied significant hogere dichtheden vertoonden in mangroven, vergeleken 
met zeegrasbedden, terwijl het omgekeerde werd aangetoond voor de Indo-Pacifische 
regio. Een mogelijke oorzaak hiervoor zou het verschil in getijde amplitude tussen 
deze eco-regio’s kunnen zijn. Binnen deze resultaten lieten sommige soorten van een 
aantal specifieke families een hogere afhankelijkheid van mangroven zien dan andere 
soorten, onafhankelijk van de biogeografische regio. De bevindingen van dit onderzoek 
benadrukken het belang van de structuur van kustgebieden en connectiviteit tussen 
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verschillende habitats voor beheersplannen van beschermde mariene parken. Deze data 
vormen een middel voor beheerders en besluitvormers bij het opstellen en uitvoeren 
van visserijbeleid, in het bijzonder voor soorten die afhankelijk zijn van de onderling 
verbonden zeegrasbedden en mangroven als habitat in hun juveniele levensfase. 
In hoofdstuk 6 worden de bevindingen van dit proefschrift opgesomd en bediscussieerd. 
De resultaten van dit proefschrift hebben ons begrip versterkt van de mogelijke 
zintuiglijke waarneming van juveniele koraalvissen bij hun oriëntatie en navigatie naar 
ondiepe kusthabitats. Belangrijker nog laten de resultaten de ecologische rol zien van 
verschillende zicht- en geur signalen, en hun interactie, voor juveniele koraalvissen 
tijdens de vestiging in deze habitats. Juveniele vestigende vissen beperken zich daarbij 
niet tot een enkel signaal (bijvoorbeeld soortgenoten) maar kunnen gebruik maken 
van meerdere signalen tegelijkertijd voor hun oriëntatie. Het is bekend dat ondiepe 
kusthabitats (mangroven en zeegrasbedden) hoge dichtheden juveniele koraalvissen 
herbergen, maar de ecologische functies van deze habitats verschillen. Dit proefschrift 
benadrukt dat mangrove habitats voornamelijk als beschutting en toevlucht dienen, 
en zeegrasbedden als belangrijk foerageergebied voor vissoorten uit getijde gebieden. 
In relatie tot de snelle continue afname en fragmentatie van mangroven en zeegras 
habitats, kan het verdwijnen van ecologische connectiviteit de productiviteit en 
ecosysteemdiensten van zulke ondiepe kusthabitats aantasten. Behoudsmaatregelen 
zouden daarom een mozaïek van kusthabitats moeten integreren.
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